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A B S T R A C T
Modern engineering practice and research frequently require 
the measurement of a fluid velocity at a given point in a flow field.
In most industry, the average flow velocity of any fluid is required, 
as accurate as possible, to obtain flow rate. Devices such as nozzles, 
venturi tube, etc. have been used for this purpose. Recently, there 
has been a velocity-head sensor known as the Annubar primary sensor 
which measures the average velocity of flow directly. It has been 
used by some industry due to its simplicity in installation.
The present report is an attempt to study the characteristics 
of the Annubar flow sensor by way of experimentation. As the design 
of the Annubar employs the same principle as the pitot tube, a 
state-of-the-art in the measurement of fluid flow by pitot tube and 
the related pipe flow theory are given.
Experimental results were curve-fitted by the orthogonal 
polynomial least-squares method. It was found that the Annubar gives 
very consistent flow rate values corresponding to the predicted flow 
rates given by the orifice plàte. The two flow rates given by both 
meters are very compatible, the Annubar values are slightly lower 
than orifice plate values.
When traverse tests were run, it was found that the flow is 
not an ideal flow system as assumed in the theoretical development of 
the Annubar. Some modifications to the design or methods of calibration 
are required to obtain a fair degree of accuracy. Further research
(ill
■works are also suggested to obtain an understanding of the working 
principle of this flow meter as well as its capability and limitations.
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CHAPTER I
I N T R O D U C T I O N
There has "been widespread application of velocity-measuring 
tubes to compressible fluids, incompressible fluids at sub and super­
sonic velocities, multiphase fluids, viscous and turbulent-flow pheno­
mena, boundary-layer investigations, fluids passing through cascade 
systems as in turbomachinery, air speed of air planes, rockets, upper- 
atmosphere investigations, and other scientific engineering problems. 
This widespread usage develops from a demand for more fundamental 
information about fluid flow in order to understand the mechanisms 
involved and to be able to evaluate predictions based on theoretical 
considerations.
In environment such as steel industry, the determination of 
the quantity rate of flow of fluid in a pipe is of more practical 
importance and may be carried out by a large variety of methods. The 
use of the pitot tube in the velocity-area method provides an example 
of an important application. The pitot tube has long been used for its 
simplicity. Maximum velocity or velocity at a point throughout a cross­
section can be measured by means of a pitot tube.
In plant test work, the pitot tube is probably used more 
generally than any other instrument for measuring fluid flow rates in 
pipes and ducts, particularly in those of large size. Because the 
instrument gives the velocity at a point, it is necessary to make an 
exploration over the cross-section of the duct and then obtain the total 
flow over the total cross-sectional area. In round conduits, this is
2.
usually done by making traverses across one or more diameters with an 
assumption of uniform flow at all points at the same radius in the . 
sector represented by the radial traverse.
The ability of the pitot tube to give accurate measurement 
of the total pressure in a flowing fluid is improved by the design of 
the flow sensor being investigated here. It is, by trade name, known as 
the Annubar primary sensor since the design employs annular-averaging 
principle of pitot tube traverse where ports are precisely located in 
the impact probe which spans the inside diameter of the pipe, and sense 
the flow which occurs in equal annular segments. The average flow rate 
will be sensed by an interpolating tube inside the impact probe. This 
eliminates the necessity of making a traverse in order to obtain the 
average flow velocity, and allows a standard uncalibrated element to 
maintain a pre-determined coefficient with much shorter straight run 
requirements. The element can be successfully used in fluids with a fair 
degree of contamination, or change in viscosity, as found in the local 
steel industry that large change in viscosity renders the orifice plate 
unreliable.
The principle of annular averaging provides a flow sensor with 
all the advantages of the pitot tube: low initial cost, low installation 
cost, low permanent pressure loss and long-term accuracy because there 
is no appreciable change in discharge coefficient caused by corrosion, 
erosion, or scale build-up.
The annular averaging flow sensor thus seems to provide a 
satisfactory answer for the demand of a trouble-free, uncomplicated 
pitot tube traversing with the same order of accuracy. This study is 
undertaken to investigate, mainly through experiments, its applicability 
to a flow system and the order of accuracy in comparison with that of a
3.
conventional device.
The experiments provide means of studying characteristics of 
the flow of water in an existing pipeline and properties of the flow 
sensor including its calibration against a reference meter, the deter­
mination of the velocity profile in a flow system and static pressure 
measurements,
The aim is to install the flow sensor at its permanent loca­
tion and to record its output signals at a variety of known flow rates. 
Then a line showing the output of the flow sensor versus the known flow 
rates can he plotted employing the least-squares curve fitting techni­
que. The known flow rate here is given by the orifice plate upstream of 
the flow sensor station. All results and variance factors are program­
med into the computer in order to plot the relationship between the two 
meters, calculate the accuracy and evaluate the flow properties.
Beside the experimental works, the'ory of the flow sensor is 
developed and research through various technical literature into some 
particular flow properties and flow measurements is carried out to sup­
port the theory and principle of the flow sensor as well as experimental 
results.
In this chapter, the theory and application of the pitot tube 
and few other measuring devices will be briefly investigated in order 
to make comparisons with the Annubar flow sensor.
1 .1 . THE PITOT TUBE
1.1.1. BASIC PRINCIPLE:
The fluid velocity at a point can be found by measuring the 
total pressure and the static pressure. The total pressure can be mea­
sured as the pressure at the front stagnation point of any suitable
•9C[r\L oTq.'eq.g-q.oq.Tj :£*i ’¿Id
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S9IOH
s jc n s s g j i j  oiq.'eq.g
•0CLn¿ otQ-'b^S :cTT ‘̂ Id
' / / / / / / / /  ///////////////////////////ZZA













¡ /Çq-TAnjcS  O T j i 0 0 d s
777777777777777777777777777777777777777
5.
body: an obvious shape of body to choose is a tube aligned along the 
flow direction, known as Pitot tube named after its inventor. A review 
of the Pitot tube by Folsom (l) shows that the use of pitot tubes is 
not as straightforward as would appear from straight flow equations of 
total and static pressure. There are two kinds of tube:
(i) Pitot tube: A cylindrical tube with an open end pointed 
downstream, used in measuring impact pressure, the static pressure is 
measured by wall tappings;
(ii) Pitot-static tube: A parallel or coaxial combination 
of a pitot and static tube. The difference between the impact pressure 
and the static pressure is a function of the velocity of flow past the 
tube.
The velocity at a point in a flowing stream can be measured 
by pitot tube or pitot-static tube. The flow rate through a duct can be 
calculated by integration of a number of such velocity measurements 
made at several points in a cross-section of the duct. In conjunction 
with a manometer, it determines the difference between the total and 
static pressures at any point in a moving fluid. The difference between 
the total and static pressures, at a point, which is termed the dynamic 
pressure, is related to the velocity of an incompressible fluid by:
A P  = \ pU2. (1.1).
where: AP: dynamic pressure;
p: density of fluid at the point of measurement; and 
jj: velocity of the fluid at the point of measurement.
Consider the simple pitot tube in Fig. 1.1. Bernoulli’s equa­
tion applied from point 1 to point 2 on centre line is.
? P PU 1 = _22i + * * (1 .2 )
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where: P: pressure; and
2f: specific weight of flowing fluid.
The equation for the pressure through the manometer is:
P P1 2 — s + ks + £lSq - (k + h)s = —y s
where: s: specific gravity of flowing fluid;
ŝ : specific gravity of manometer fluid; and
h,k: distances shown in Fig. 1.1.
By simplifying equation (1.3):
(1.3)
■Pp sq
= h( T - 1 > d.it)
P - P 2 1Substituting for -------- in Equation (1.2) and solving for
U gives
V = \ l2g h (  ^ 2. _  1 ) (1.5)
To measure the static pressure in a flow field, the static 
tube, shown in Fig. 1.2 , is used. In this device, the pressure is 
transmitted to a gauge or manometer through piezometric holes that are 
evenly spaced around the circumference of the tube.
The static tube and pitot tube may be combined into one 
instrument, called a pitot-static tube, as shown in Fig. 1.3.
Equation (1.5) also holds for the pitot-static tube, but 
owing to the uncertainty of the measurement of static pressure, a cor­
rective coefficient C is applied:
U = c 2gh( - 1 )
1.1.2. MAIN FEATURES OF THE PITOT-STATIC TUBE:
(1.6)
A pitot static tube normally consists of a cylindrical head
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mounted at right angle to a stem or support that usually passes 
through a wall of the pipe or duct. The length of the head is some 15­
20 times its diameter and is aligned with the flow direction so that 
the open end faces upstream. About half-way along its length, static- 
pressure holes are drilled radially around the circumference of the 
head. Pitot-static tubes are usually constructed with two concentric 
tubes, the inner tube being connected to the open end (total pressure 
hole) and the outer to the static pressure holes. The connecting tubes 
are incorporated in the stem and pass through pressure tappings outside 
the duct. A manometer or pressure transducer connected across the tap­
pings measures the dynamic pressure developed by the flow. An alignment 
arm is fixed normal to the stem and parallel to the head to facilitate 
alignment of the head when this is obstructed by duct walls.
1.1.3 COEFFICIENT OF A PITOT-STATIC TUBE:
As seen in Equation (1.6), C is the coefficient of the pitot- 
static tube. Thus Equation (l.l) becomes:
A  P = \ C pU2 (1.7)
C departs from unity according to the degree of imperfection 
of the tube and to the conditions of use, C is assumed to be the sum of 
a series of mutually-independent terms, each related to the degree of 
imperfection in the pitot-static tube or to its method of use.
More explicitly:
C = cn + o <  + ‘n + A . +  (r' + +  (1.8)
where CQ: basic coefficient of the tube;
ex' : misalignment correction for imperfect alignment;
Y|̂ : viscosity correction;
\ : turbulence correction;
(T : compressibility correction; and
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: stem-retraction correction.
l.l.k. ADVANTAGES OF THE PITOT TUBE;
The pitot tubes have the folio-wing attractive features:
- the imperceptive head loss caused by the instrument;
- low cost in comparison with the conventional type of 
orifice plate or venturi tube;
- the pitot tube is insensitive to flow alignment, an error 
of only a few per cent occurs if the tube has a yaw misalignment of 
less than 15°;
- pitot tubes are readily portable and easily installed for 
test purposes;
- they are sufficiently accurate for most practical purposes;
- cantilevered pitot tubes are valuable for measuring impact 
pressure and for determining the direction of velocity in 2-dimensional 
flow, the latter determination being independent of the position of 
holes with respect to pipe walls. The directional properties are 
satisfactory also when the flows are inclined to the cylinder axis;
- the pitot tube can be inserted through a comparatively small 
hole into the main without the necessity for shutting down the main.
1.1.5. DISADVANTAGES OF THE PITOT TUBE:
The pitot tubes have the following disadvantages:
- the susceptibility to -unsatisfactory hydraulic conditions, 
which necessitates a traverse in the majority of application when a 
high degree of accuracy is required and the danger of blockage of the 
orifices if there is an appreciable quantity of foreign matter carried 
along by the metered fluid, this places a definite limit on the appli­
cation. Of course other head-measuring devices have similar problem 
when faced with measuring where foreign particles are present. It is
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an accepted fact that contamination does "build up "behind an orifice 
plate and without question it will change the discharge coefficient 
resulting in the differential produced "by the element as no longer 
representing the actual quantity of flow in the line. The same problem 
appears with corrosive fluids or extremely high velocities that would 
tend to erode or corrode the sharp edge of the orifice plate. Further, 
this effect is accelerated during the initial stages when the sharp 
edge is most vulnerable. The basic pitot tube is not affected by cor­
rosion or erosion because the opening in the impact probe measures the 
total head pressure and is reasonably independent of the size and shape 
of the opening;
- the pitot tube can be inserted at the centre of the pipe 
where the total head is at its highest level. A factor can be applied 
to the differential produced by the element to correct for the increas­
ed velocity at the centre of the pipe in relation to the total average 
velocity across the full flowing stream. This factor can be arrived at 
through test runs in hydraulic laboratory and a factor applied to the 
specific metered pipe being used. However, it is rather unlikely that 
the flow profile seen by the pitot tube in the field will be exactly 
the same as that seen by the laboratory. The geometry of the piping 
upstream from the element effects the profile as well as the relative 
roughness of the pipe itself;
- pitot tube is not reliable where asymmetry exists in the 
velocity distribution across different diameters of the pipe;
- for pitot-static tube, small-sized static-pressure holes 
could cause difficulty from clogging and also the trapping of air when 
they are used in liquids;
- unlike other pressure-generating devices, differential head
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obtained is absolutely dependent on the velocity of the flow, and can 
not he altered.
1.1.6. DISADVANTAGES OF THE PITOT TUBE AND TRAVERSES:
- flow rate may change during the time taken for a traverse, 
the local velocities will relate to the flow rate at the time of 
measurement and will require to he corrected to some standard or refe­
rence flow rate. Any change in velocity greatly affects the accuracy 
of the calculated average velocity obtained from the traverse. Hence a 
large number of points of traverse are required because of the inabili­
ty to manually locate each point of velocity measurement precisely;
- the traversing of pitot tube across the flowing stream is
a time-consuming operation and requires a great deal of patience to 
record individual readings of velocity. Large traversing points are re­
quired for accuracy; .
- area of the cross-section of the pipe that is taken up by 
the area of the pitot tube as it traverses the flow changes the velo­
city profile. The velocity increases as the pitot tube is projected 
into the flow.
1 .1 .7. LIMITATION OF USE OF THE PITOT TUBE:
For pitot tube to be used, most texts point out the following 
strict observances:
2(i) Reynolds number based on pipe diameter is greater than 10
(ii) That the tube is aligned within about ± 10 degrees of 
the flow direction;
(iii) That the root-mean-square intensity of turbulence in the 
stream is less than about 5 per cent of the mean velocity;
(iv) That the total pressure does not change by more than 1
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to 2 per cent across the tube diameter;
(v) That the probe is not too near a -wall.
The British Standard Code on pitot tubes (2) states the 
general conditions of use as follows:
" All conditions are unlikely to be satisfied unless the 
plane of measurement is preceded by a sufficiently long length of 
straight upstream pipe to ensure substantially fully-developed pipe 
flow without excessive turbulence or swirl. The length required is 
unlikely to be less than 30 duct diameters unless flow straighteners 
or guide vanes are installed and may commonly need to be 50 or more 
duct diameters."
The Code also provides details of many of the corrections 
to its early version (3) that are to be applied to obtain the true 
pitot-tube coefficient, but there remain unknown areas in this field 
and in the accuracy of the integration techniques. The range of 
application of pitot tube has therefore been limited.
1.1.8. EWIRONMEM1 OF USE OF THE PITOT TUBES:
In general, pitot tubes are used in instances where the 
metering is of a temporary character, or where the cost of installing 
a venturi tube or orifice plate would be prohibitive or out of all 
proportion to the value of the results obtained, or in cases where 
additional head loss is inadmissible. A typical instance where the 
pitot tube is essential for metering the flow of air in large low- 
pressure ventilation ducts, where portable pitot tubes are available.
1.2. OTHER CONVENTIONAL FLOWRATE-MEASURING DEVICES
A pressure-difference device for measuring rate of fluid 
flow in pipe consists of an annular obstruction having an axial hole
12 .
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smaller than the tore of the pipe in -which it is installed. The rate 
of flow through the device is calculated from a measurement of the 
difference between the pressures on the wall of the pipe at specified 
distances upstream and downstream of the obstruction. The pressure 
difference is measured by a manometer connected to pressure tapping 
holes communicating with the fluid through the wall of the pipe. The 
numerical relationship between rate of flow and pressure difference 
depends on the shape of the obstruction and the position of the 
pressure tappings as well as on the physical properties of the fluid.
The three main classes of pressure-difference device are 
shown in Fig. l.U and are described as follows:
(i) Orifice -plate:
An orifice plate is simply a thin, flat plate having a 
central hole. Orifice plates are distinguished as square-(or sharp-) 
edged, conical entrance, quarter circle, according to the shape of the 
upstream edge of the orifice. The downstream edge of the square-edged 
orifice plate is bevelled unless the plate is thin, whilst the down­
stream edges of the conical-entrance and quarter-circle plates are 
square. The square-edged orifice is further distinguished as an orifice 
plate with corner tappings, with D and D/2 tappings or with flange 
tappings, according to the positions of the pressure tappings.
(ii) Nozzle:
A nozzle has a bell -mouth shaped convergent entry followed by 
a short cylindrical throat which projects into the downstream pipe.
A venturi nozzle consists of a nozzle followed by a divergent outlet.
(iii) Venturi tube:
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A venturi tute has a conical convergent entry followed by a 
conical throat and a conical divergent outlet.
(iv) Brief comparison of the three devices:
The orifice plates are more commonly used owing to their low 
initial cost and simplicity of construction. The nozzles and venturi 
tubes have an appreciably lower net pressure loss than orifice plates. 
The loss depends on the angle of the divergent outlet and is greater 
for the shorter forms of nozzle and venturi tube. The loss is the same 
for orifice plates and nozzles at the same rate of flow and the same 
pressure difference in the same size of pipe. Venturi tubes have a 
length of between two and six pipe diameters; venturi nozzles are 
somewhat shorter. Nozzles by comparison are very short, whilst orifice 
plate can be inserted in an existing flanged joint in the pipeline.
The pitot tube has a slight advantage over the three due to 
its imperceptible head loss, its low cost and ease in installation for 
test purposes, its sensitivity to pressure changes, its application in 
wide range of flow rate. If used with a traverse, it provides a better 
results than the other pressure differential meters.
1.3. THE ANNULAR-AVERAGING VELOCITY-HEAD SENSOR - THE ANNUBAR:
1 .3.1 . GENERAL:
The pitot tube and traverse as mentioned is a time-consuming 
operation since individual readings of velocity have to be obtained 
and those must be precisely taken or more traversing points are needed 
to obtain the true representation of the average velocity. Practically, 
the change of flow rate during the time of making traverse renders this 
manual process impractical if total flow rate is required.
The single-orificed pitot tube and method of traverse can be
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expanded in the design of a new flow element which employs the basic 
principle of pitot tube and averaging technique in traversing. The 
element spans the inside diameter of the pipe where ports are precisely 
located corresponding to the traversing points determined by the most 
accurate averaging method. The sensor thus gives a continuous reprê - 
sentation of the average velocity of the flowing fluid.
Fig. 1.5" shows the general layout of the flow sensor or the 
Annubar primary element. The inner tube simultaneously self averages 
the pressures sensed from upstream ports across the pipe diameter 
where the downstream tube measures the static pressure across the pipe. 
Its advantages as well as disadvantages will be seen below.
1.3.2. ADVANTAGES OF THE FLOW SENSOR:
- Based on principle of pitot tube, the sensor thus has the 
advantages of a pitot tube: low initial cost, low installation cost, 
low pressure loss;
- It has long term accuracy because there is no appreciable 
change in discharge coefficient caused by corrosion, erosion, or scale 
build-up;
- It provides instantaneous reading of the average flow 
velocity and effect of vibration of pitot tube is eliminated. Plugging 
could also be eliminated by the probe design, which is usable for all 
but the most contaminated of flowing liquids;
- It can be practically used for all shapes and sizes of
conduits;
- It can be installed or removed without system depressuri- 
sation or plant shut-down;
- It produces low energy loss, thus resulting in lower
pumping cost;
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- It can be directly coupled to all standard differential 
pressure transmitters, recorders, controllers and meters;
- It requires no maintenance due to non-critical surfaces
or edges;
- It can be easily cleaned;
- It is cheaper than orifice plate and venturi tube giving 
the same accuracy. For large systems (e.g. pipe 3 ft ID or larger) it
is 25l cheaper due to mechanical cost savings;
- It could be inserted into any system at any time or be 
permanently installed for process control. For testing, it could be 
inserted into any existing system through any access on pipe and 
mounting flanges are not needed, especially with underground pipes 
where installation of orifice plates and venturi tubes is practically 
impossible;
- It takes shorter time for installation, thus reduces labour
costs;
- It is unaffected in long term by wear due to erosion, 
corrosion or build-up due to scale and debris accumulation;
- It gives consistent and uniform pressure signals.
1.3.3. FAULTS AND FAILURE OF SENSOR:
Since the sensor spans the diameter of the pipe it could be 
hit by any large foreign object in the flowing stream, this could well 
happen to orifice plate. However, the sensor has less chance of being 
hit than the orifice plate for having a smaller projected area, and in 
all cases, if this did happen, it would be far easier and quicker to 
replace the device.
The sensor could also be fractured or broken by vibration 
when facing extreme turbulent flow. This could be prevented by having
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stiffeners on the outside to withstand the load and it can he further 
improved by having the other end protrudeAthe pipe wall and clamped 
on, this is practical at permanent installations and in large pipes 
where vibration is a problem. Accuracy could therefore be increased by 
this method of elimination of vibration,
1.3.1*. EFVIRQEMENT OF USE:
The averaging sensor can be used in almost every flow medium. 
In local steel industry, it is used in flows of water, crude oil and 
low-pressure gas in the vicinity of 12 in HgO gauge (near 15 psia).
Its best use is for automatic control of flow of fluid in 
plant and it is also used for testing, i.e. measuring of flow rate and 
flow distribution in plant; all these come under the technical term 
known as internal costing.
The sensor is not used in the area of external costing, i.e. 
selling or buying of fluid since it could give a slight error. And 
since industries are most concerned with their internal costing, the 
flow sensor is very much preferred and it will be used more and more 
in the future to replace old measuring devices of the same principle 
such as pitot tubes with wall tappings and pitot-static tubes.
The importance and application of various types of pitot 
tube throughout the history of flow measurement will be seen in a 
survey of literature in the next Chapter. Different techniques applied 
to pitot tube measurement employed by different authors which lead to 
the present design of the Annubar flow sensor will be investigated.
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CHAPTER 2
L I T i B A T U U B V
In literature on flow-velocity measurement, many authors have 
covered to the full extent the use of pitot tube of various kinds for 
different conditions of flow. Many pitot tube traversing methods have 
teen used and found satisfactory. The concept of reducing a multi-point 
traverse to a realistically practical traverse with less measuring 
points which are precisely located and then properly weighted, has teen 
investigated ty very few authors.
The introduction of the primary flow element employing annu­
lar averaging concept into flow measurement has not teen known to many 
people and there is virtually no literature concerning its design back­
ground as well as performance. However, it is known as an application 
of pitot tute traversing technique with a reduced number of points.
This chapter presents a historical background in the works in 
flow measurement using a pitot tube and its improvements as well as its 
modifications which lead to the introduction of the flow sensor.
2.1. VARIOUS WORKS ON PITOT TUBE
Folsom (l) gives a comprehensive summary on most of the 
available materials for fluid-velocity measuring tube which appeared to 
be scattered throughout the technical literature before. Originally, a 
tube was used by Henry Pitot to measure pressures for velocity determi­
nations in a river. It was later improved and given two general classi­
fications: the impact tube and the combined tube. Early in 1900’s , 
discussions were concentrated on the fundamental forms of the basic
20,
equation that applied to pitot tube measurement -where:
U = \l 2gh
and
U =  V  g h
Attention during the 1920's was devoted principally to a 
study of the various shapes of tubes for special conditions and to an 
investigation of some of the limitations in the use of the tubes.
During the 1930's there was a revived interest in studying the funda­
mentals of the pitot tube and other velocity-measuring tubes as applied 
to water measurements for quantity rate-flow determinations.
The A.S.M.E. Power Test Code for Hydraulic Prime Movers (U) 
and the Research Committee on Fluid Meters (5) describe the velocity­
measuring tube of various kinds but their information regarding the 
variables involved in their application is largely missing. Books devo­
ted to flow measurements, like Ower (6), Addison (T) and Linford (8), 
include some design and application details, but provide inadequate 
discussion of velocity-measuring probes for the normal use of engineer.
Folsom's paper also presents generalized dimensions of some 
typical pitot-static tube and typical head shapes for pitot tubes.
The experiments on the magnitude of the impact pressure 
measured by pitot heads of different shapes are the works of Merriam & 
Spaulding (9). The discussion of Hubbard's paper (10) by Cole includes 
a series of tests for tubes in a pipe. Merriam & Spaulding (9) investi­
gated the effect of the size of the pressure tap with respect to the 
diameter of the pitot head in the case of a hemispherical tip within 
the range of 0.2 < d/D <  0.71*. It is found that the size of the hole 
has no effect on the magnitude of the impact pressure measured at zero
yaw.
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Another common type of tube is formed by installing pressure 
taps at suitable .locations in a :tube of uniform cross-section placed 
■with its axis perpendicular to the direction of the flow field. The 
tube may project into the fluid stream from one boundary or it may 
pass through the fluid stream ■with, the pressure taps located near the 
middle position, The tubes projecting into the stream have been 
designated as cantilevered pitot cylinder by Winternitz (ll) and a 
heavy-duty Cole pitometer as presented by A.S.M.E, Hydraulic Prime 
Movers (U). "When the tube does not span the flow, the common head 
shapes are square-ended, hemispherical, ellipsoidal, and spherical. The 
cross-section shape is circular or of some type of streamlined section. 
In the event the tube passes through the flow field, the probe is known 
as a tranverse tube. The cross-section is usually circular. These types 
of tube have been designated as tranverse pitot tube (12) or pitot 
cylinder and streamlined pitot-tube bar (l^).
Owing to the requirements of a different flow-measuring 
situations, many works have been done in the investigation of the pitch 
and yaw characteristics of pitot, pitot-static, and other velocity­
measuring tubes. Characteristics curve for a typical hemispherical-tip 
pitot-static tube, shown by Hodkinson (15), is seen in Fig. 2.1. Lack 
of parallelism to the fluid stream causes too low a reading both at the 
static holes and at the impact opening, with the differential pressure 
or "velocity pressure" or "dynamic pressure" is recorded correctly to 
within about 1 per cent for errors of setting up to 20 degrees,as shown 
in Fig. 2.1. The characteristics curve is a function of the geometry of 
the tube and must be determined for each tube over the expected operat­
ing range. A few examples for impact pressure alone are added in Fig. 
2.2 by Hodkinson (15) which shows the various curves that disagree 
owing to the differences of design and fluid condition. For compressor
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research, Meyer and Benedict (l6) present a brief summary on the 
performance and design characteristics of claw, cylindrical, spherical, 
disk averaging, and rake probes.
2.2 SPECIAL TYPES OF PITOT TUBE 
2.2.1 CANTILEVEREDPITOT TUBE:
In the cantilevered tube as described above, a static- 
pressure tap or a downstream tap may be included, or an independent 
piezometer may be used for static pressure determination. Standard 
tips include hemispherical, square-ended, and ellipsoidal shapes with 
one, two or three holes in a tranverse plane located at various 
distances from the tip. Cantilevered pitot tubes are valuable for 
measuring impact pressure and for determining the direction of velocity 
in two-dimensional flow, the latter determination being independent of 
the position of holes with respect to pipe walls. The directional 
properties are satisfactory also when the flows are inclined to the 
cylinder axis.
The pressure distribution about the cylinder at the tranverse 
plane of the taps is similar to the pressure distribution about a 
cylinder of infinite length. The distribution is a function of the 
Reynolds number and the position of the taps with respect to the pipe 
walls. Wintemitz (ll) shows that the pressures vary for angles greater 
than kO degrees as the taps approach the pipe walls. The "critical angle",
where the true static pressure is indicated, reduces from 0.5 to 1
3degree for a Reynolds number increase of from 10 to 15 x 10 . The 
piezometer hole size compared to the tube diameter is important.
Silberman (13) and Winternitz (ll) provide information on the 
total-pressure-coefficient changes on a cantilevered pitot tube when the
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flow, is inclined to the axis of the .tube. Meyer and Benedict (l6) show 
that there is some variation in.the coefficients in inclined flow for 
tubes with a range of from 1 to 3 diameters distance from a square tip 
to the plane of the static-pressure holes.
Uinternitz (ll) calibrated cantilevered pitot tubes in a 
towing tank and in the throat of a wind tunnel. On the basis of agree­
ment of experimental results, it can be inferred that turbulence effects 
were insignificant within the range 1000 Re^ <C 12,000 and the varia­
tions in turbulence of still water and the wind tunnel throat. Meyer & 
Benedict (l6) give limited data on the effect of turbulence produced by 
a screen on the static-pressure calibration of a tube with a tap at U0 
degrees from the flow direction.
Winternitz (ll) used a 3-hole cantilevered pitot tube to 
measure static pressure in the throat of a circular closed-throat wind 
tunnel. Using the wind-tunnel piezometer as a standard static pressure, 
the measured static-pressure difference from the standard varies from 
-10 to +10 per cent of the velocity head at the tunnel centre line, 
with the measured value being high near the wall where the tube is 
inserted.
The design of all cantilevered pitot tubes or pitot-static 
tubes is covered by the Standard Code BS 10h2 Part 2A, 1073 (2) in 
which it describes methods of measuring the rate of flow of liquid or 
gas in a pipe, within a specified range of velocities, using a pitot- 
static tube or any other tube whose coefficient is known. The conditions 
for which a total-pressure tube may be used with wall-static pressure 
tapping in place of a pitot-static tube are also described.
The BS 10^2 as mentioned is the existing national standard 
for the pitot-tube measurement. It specifies the shape, relative
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proportions, limits of size and constructional requirements of a 
family of pitot-static tubes and it is.restricted to the measurement 
of fluid flow in pipes of circular cross-section.
2.2.2. PITOMETER:
Information and application of the Cole pitometer in its 
various forms has been specified in the A.S.M.E, Fluid Meters Report 
(.5) and A.S.M.E, Power Test Codes for Hydraulic Prime Movers (A). This 
design depends on the difference of pressure created by a flow of water 
on a specially-constructed pair of orifices, one of which acts as an 
impact orifice and the other as a pressure orifice. The Power Test Code 
oo covers the application of the method to circular conduits up to 12 
ft in diameter and for a mean velocity not less than 2 ft per second 
and not over 20 ft per second. The reversible type pitometer is 
constructed with orifices 180 degrees apart, and the heavy-duty type 
is constructed with orifices 90 degrees apart.
2.2.3. TRAHVERSE TUBE:
Cylindrical tubes placed along the diameter of a circular 
conduit bounding a flowing fluid can be used for pitot tube measurements 
if they are provided with a small total head hole in their leading edge. 
Such tubes are termed tranverse pitot tubes, as seen in paper by Doig 
(12), and they have advantages when used as a velocity probe in fluids 
containing a dispersed solid phase. They can be made very small, easily 
withdrawn, cleaned and accurately relocated if the total-head hole 
becomes blocked, and are more robust and maintain their set position 
under bombardment from the dispersed solid phase. Tension can be applied 
to stabilize thin round tubes. Small diameter tranverse tubes can be 
tensioned and more confidently positioned than comparable cantilevered 
probes. In Doig’s work (12), tubes ranging from 0.0117 to 0.137 conduit
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diameters were investigated; corrections to accommodate the total head 
hole diameter and local fluid velocity gradient were also provided.
The prohe is easily inserted and withdrawn through a hole in the 
conduit wall no longer than the prohe. This is of considerable 
advantage in dusty situations where frequent withdrawal and cleaning 
are desirable.
2.2.U. THE DIRECTIONAL PITOT TUBE:
The measurement of magnitude and direction of velocity at a 
point in a fluid is accomplished frequently with a probe providing five 
readings. One form of this type of probe is a sphere having a central 
hole and four holes distributed at equal distances around the sphere 
and spaced at the same angular distance from the central hole, as 
described in paper by Lee and Ash (17) and referred to as the three­
dimensional spherical pitot tube. From experimental calibrations and 
pressures measured at the five holes, the velocity in a three-dimen­
sional flow can be determined. Similar results can be obtained from a 
claw-type probe having the corresponding five pressure determinations. 
An understanding of the probe performance results from considerations 
of pressure distribution about a sphere when it is placed in a uniform 
flow field. The claw probe depends on indications of impact pressure by 
a square-ended tube when a yaw deflection of velocity with respect to 
the tube axis exists. Some mutual interference between adjacent tubes 
of the claw makes calibration under operating conditions desirable. The 
conventional method of applying the five-hole spherical pitot probe to 
a 3-dimensional flow measurement consists of either adjusting the probe 
until its axis points in the flow direction, or yawing the probe until 
the meridian plane passing through the centre orifice contains the flow 
angle, and then making use of two-dimensional calibration curves for
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the flow determination in this plane. Both methods require adjustment 
of the probe, which, in general, is quite difficult to accomplish if 
the probe is mounted upon a rotating impeller. To avoid this difficulty 
a five-hole, three-dimensional spherical pitot tube has been develop­
ed and calibrated to measure static pressure and the magnitude and the 
direction of the velocity vector for any arbitrary flow angle without 
adjustment of the probe.
The spherical pitot tube was designed mainly for measuring 
the relative flow through rotating three-dimensional blade cascades.
The relative flow through such cascades is steady provided the guide 
cascades in the upstream or downstream are remotely located. In such 
cases, the response time of the pressure readings can be sacrificed in 
favor of small orifice holes and connecting tubings. Thus the size of 
the probe head can be reduced, and the errors due to differences in 
centrifugal heads of the holes at different radii from the axis of the 
rotating cascade are minimized. The probe can be mounted on the impel­
ler without any provision for yawing. The pressure readings are taken 
off from the impeller shaft through rotation shield.
The accurate three-dimensional measurement of internal flow
is necessary for further development in the field of mixed flow subsonic
turbomachinery, steady-state measurement within a rotating-blade cascade
may only be obtained by mounting the measuring instrument upon the
rotating part. Satisfactory measurements were obtained in actual blade
cascades by this method. The inherent disadvantages of this type of
3
probes are the limited operating range of Reynolds number (U x 10 to 
1 .5 x 10  ̂ ) and the change of calibration where the probe is held close
to the wall.
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2.2.5. THE STREAMLINED PITOT TUBE:
Another type of tube was developed with the aim of measuring 
flow through pipes of large diameter. The tube is called "streamlined 
pitot-tube bar". In practice, difficulties are encountered frequently 
in the determination of the rate of flow. This is particularly so in 
the case where it is required to measure the flow through tubular ducts 
in conjunction with test runs of large hydraulic machinery .Difficulties 
which are often confronted are:
(i) The practical problem of horing a hole of sufficient size 
in the wall of the duct to be measured to permit the insertion of the 
pitot tube with its projection and supporting arm;
(ii) The flow directions at the measuring points on the pipe 
radius are not always axial owing to the secondary rotational flow 
induced by pipe bends, elbows, etc.., which are often unavoidable.
Hence there exists the difficulty in adopting the adequate values of 
pitot coefficient corresponding to the deviation in the flow direction 
at every measuring point;
(iii) The difficulty of measuring simultaneously the 
velocities at several points of the cross-section, necessary from the 
fact that the velocities often vary with time.
An instrument was devised by Numachi (lU) known as the 
streamlined pitot-tube bar which would solve the difficulties mentioned 
and be convenient to use without any sacrifice of accuracy. The 
streamlined pitot-tube bar possesses the following advantages:
(i) Having a streamlined cross-section, less strain is caused 
in the bar than with other forms;
(ii) The magnitude and direction of the velocity of the flow
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may be measured accurately even when the direction of the flow deviates 
to some extent from that of the axis of the duct;
(iii) There is little change in the pitot-tube constant 
caused by variations in the Reynolds number. The form is not inconve­
nient for insertion in the duct, and lend itself to simultaneous 
measurement of all points on the cross-section.
Ten streamlined pitot-tube bars were tested and results were 
shown in Rumachi’s paper (lU). The accuracy is subject to the usual 
possible errors of point-by-point velocity measurement in a pipe, due 
to the inability to obtain measurements close to the wall. Actual 
calibration of the method of measuring flow with this type of tube and 
its comparison with other standard methods were not carried out by 
Rumachi to prove the method reliable. The paper gives a somewhat 
detailed discussion of the problem in measuring large quantities of 
water in closed conduits and develops a multiple pitot-tube arrangement 
whereby such flow can be measured.
2.2.6. ADDITIORAL LITERATURE OR SPECIAL TYPE OF PITOT TUBE;
Investigations on flow measurement in large pipes is seen in 
the works of Cole & Cole (l8) in which comparative calibrations with 
two different types of pitometer, which reacts differently to angular 
flows, indicates the absence of angularity effects in large pipes. 
Actual measurements were made in two large pipes and the angularity 
was found to be less than 3 degrees. Comparisons with other methods 
of flow measurement in two large pipes were also presented together 
with velocity traverse in these and other conduits. The velocity 
traverses show the smooth flow pattern found in large pipes at good
gauging points.
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Discussions were given on the value of the pipe factor, i.e. 
the ratio of mean to centre velocity, for determining the suitability 
of a gauging point as well as for making short tests quickly and 
accurately, or for making continuous flow measurements. It was pointed 
out that for many years the principal source of error had been thought 
to be angular flows past a pitot tube and while the comparative tests 
in the 12-in pipes proved that the effect of these flows was negligible, 
this work should be extended to pipelines of larger diameter.
Two types of combined pitot tubes were actually used for 
the tests described in this paper, namely the reversible pitometer 
which had been widely used in waterworks analysis, and the heavy-duty 
pitometer frequently used for measuring the speed of ships. The 
experimental results show that the stable flow is present in large 
pipes where suitable gauging stations are used, and that the flow 
conditions do not differ measurably from those found in small pipes.
This at once removes any previously expressed doubt as to accuracy of 
pitometer flow determinations in large conduits. Comparative flow 
measurements by the pitometer method and other methods were then made 
in three large conduits and it was found that in each case the traverse 
could be repeated and gave consistent results. Their pipe factors 
remain constant over a wide range of velocities. In one particular 
case, good agreement of experimental results showed that the unsymme­
trical flow distribution has no measurable effect on accuracy. The 
conclusion drawn here is that where stable flow exists at the gauging 
station, pitometer measurements of discharge can be made with a high 
degree of accuracy in large pipes. It is possible to use either the 
conventional velocity-traverse method at each discharge or to deter­
mine the pipe factor and make subsequent measurements of the centre
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velocity only. On the other hand, the use in large conduits presents 
the problem of making the tube sufficiently stiff to prevent it from 
vibrating. The meeting of this requirement for stiffness and, at the 
same time, limiting the size of the supporting leg makes the design 
and construction of the pitot tube rather difficult. One solution is 
to avoid inserting the tube into the pipe beyond about O.k radius in 
case of circular conduits. This has the effect of decreasing the 
cantilevered end of the tube "with a proportionate increase in its 
relative stiffness. By making partial traverses from each end of two 
normal diameters, the velocity distribution can probably be determined 
as reliably as if a full diameter is traversed from one end. This 
assumes that at the traverse section the pipe is accessible from all 
sides, which is not always the case. The effects of vibration of the 
tip of the pitot tube should therefore be studied if they are in use. 
Such vibrations, even if they are not noticeable from the outside, may 
be the source of some errors, particularly when a tube is cantilevered 
a few feet into a stream with a relatively short stuffing gland as a 
support. In the case of simple pitot tube, the impact tip correctly 
registers the true dynamic head, but the pressure piezometers may 
easily be in error due to the difficulties of making and using side­
wall piezometer holes.
Hubbard (10) points out that some pitot tubes do not have 
the same coefficient for all conditions of flow. There is, therefore, 
general disagreement as to the coefficient which must be applied for 
a particular set of conditions to obtain the velocity within one per 
cent or less of the true value. A series of experiments were carried 
out in an effort to find the reasons for this variation of coefficient. 
Tests made to determine the effect of the pitot support showed that
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the support rod did not cause an error in the impact-tip reading, hut 
did effect the pressure measured by the -wall piezometer. The rod was 
also found to effect the reading of the pressure orifice of the pitot- 
static tube. It follows that any form of combined type of pitot tube 
in which the error could be determined by calibration of the instrument 
alone would give accurate results. The average magnitude of pulsations 
was found to be too small to cause an error in reading of the pitot 
tube. It was concluded that the impact tip correctly registered the 
true dynamic head whether the flow was smooth or turbulent, but that 
the pressure piezometers were likely to be in error. Since the pressure 
piezometer of the pitot-static tube is a part of the instrument and 
calibrated with it, this instrument was considered more reliable than 
the simple pitot tube using wall piezometers. This piezometer or group 
of piezometers should be located at a point from the tip where the rod 
effect is stable and affects all piezometers in the group about the 
same amount. Such an instrument may not read the true velocity head, 
but its error will be constant for all ordinary velocities and sizes 
of pipes, so that it is capable of being calibrated and used under 
different conditions of flow if necessary. Special type of combined 
pitot tubes such as the pitometer, where the static tube is a reverse 
duplicate of the impact tube, having both the impact and the reference 
orifices on the instrument itself gives accurate results since both 
orifices are calibrated together.
In the discussion of Hubbard’s paper (10), the point made 
about the wall piezometers was fully agreed since it also applies to 
tranverse tube. It was then concluded that the variation in pitot 
coefficient with change in pipe factor is due entirely to a decrease 
in the wall pressure reading, this decrease apparently depending on
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the type of flow distribution, caused by pipe roughness, or the 
location of the gauging point.
From test results presented by Hooper in discussion of 
Hubbard's paper, it appears that the size of the impact orifice has 
little effect upon the accuracy of the traverse for pitot tubes of 
normal design and reasonable size.
Preston (19) suggests a method of locating the pitot tube 
orifice at a distance of three-quarter of the pipe radius from the 
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n : turbulent flow index.
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For the range of n from k to 10, the average velocity will be 
at y/R = .250 or r/R = 3 A  and the flow rate measured at that point is 
within + 1/2 % of the average flow rate. Thus the calibration 
coefficient is practically unity. In the experiments, four pitot tubes 
were placed at 90 degree intervals on the 3A  radius and four static 
holes at the wall 90 degrees apart. The instrument can be calibrated 
by carrying out a pitot traverse at a section of pipe some distance
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behind the unit.
The three-quarter radius position of the pitot tubes is close 
to the point where the contribution to the flux is greatest, which 
means better accuracy than can be obtained with a central pitot tube 
if irregular velocity distributions are encountered. It would seem 
that the instrument is particularly suitable for air flow in boundary- 
layer control experiments in wind tunnel, and in flight, where long 
calibration pipes cannot be used and low losses are required. Its 
chief disadvantage appears to be that it cannot be used in dust or 
soot laden air streams or in fluids containing solid particles because 
of the danger of clogging. It is noted that in the experiment, the 
mean static pressure in the flow meter was observed by interconnecting 
the four static holes to give a single reading. The four pitot tubes 
were similarly treated and the flow meter readings were evaluated by 
assuming that the velocity indicated by the pitots was the mean across 
the pipe.
Preston & Norbury (20) give further assessment of this kind 
of flow meter. The paper covers a re-assessment of the possible advan­
tages of the meter in the light of information on turbulent flow and 
a prediction of scale effect on the calibration and conclusions were 
drawn for fully-developed and not-fully-developed flows. For fully- 
developed flow, the calibration factor for the three-quarter radius 
flowmeter changes only by 1 per cent due to scale effect in the Reynolds 
number range k x 10^ to infinity, starting from 0.990 at Re = h x 10^
7 > Uto 1 at Re = 10 and higher. The error due to turbulence at Re - h x 10 
is 0.0035 for a pitot-wall-static combination, and 0.005^ for a pitot- 
static tube meter; and these errors are reduced at higher values of 
Reynolds number. For not-fully-developed flow, calibration factor
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must be determined by a pitot traverse in situ, effects of changes in 
section bends, etc... must be minimized by careful design, e.g. long 
straight upstream length, this also has the effect of eliminating 
swirl. Preston & Norbury (20) suggest multiplicity of three-quarter 
radius flowmeter combination distributed circumferentially to enable 
account to be taken for circumferential non-uniformity.
E. S. Cole (21,22) designed a flowmeter known as the Cole 
pitometer which has previously been mentioned. The meter consists of 
two identical pitot tubes whose orifices are 180 degrees apart. It 
can be inserted in pipe under pressure and has unique advantage of 
reversibility, thus a ready and rapid means of checking its own reading 
is afforded by rotating through 180 degrees. In both papers, he stated 
that the theory of the static orifice is more complicated than that of 
the dynamic orifice and is best represented by laboratory observations, 
for he found that the wall piezometer in its ideal form is simple 
enough, but in practice it is difficult to secure ideal conditions.
On the correction of velocity reading due to projected area of rod, he 
stated that the mean velocity at any given discharge is increased above 
its actual value without the instrument in the pipe, by an amount 
depending on the projected area of the instrument. In case of the 
reversible pitometer, the trailing orifice is affected by presence of 
tube and it is about half as efficient as the upstream orifice, it 
contributes 1/3 of the total deflection of the instrument. A linear 
relationship is shown in plots between the percentage of change in the 
instrument coefficient and the projection of rod as well as the 
percentage of change of cross-sectional area of the pipe caused by 
projection of tube.
On calibration of the instrument, mean velocity was measured
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by traversing the instrument and compared with the true mean by 
•weighing tank measurement, in which the coefficient of the instrument 
is the ratio of the former to the latter. Tests also show the 
angularity error of the reversible pitot tube, where the error in 
velocity reading is about 1% for 5 degree angularity. On traversing 
the pitometer to obtain mean value of velocity, it was found that the 
pipe factor (ratio of mean velocity to centre line velocity) has great 
practical value, because, when once obtained for a given gauging point 
in a pipeline, it holds good for a considerable time or until the 
roughness or tuberculation of the pipe wall has increased depending on 
the nature of the pipe and its coating, and upon the chemical character 
of the flowing fluid. The pipe factor thus gives ready means of making 
short tests. Ring integration was used where readings were made at ten 
equal-area rings on two diameters at right angle. Since the symmetry 
of the velocity distribution is important, it was good practice to 
check back to centre velocity at frequent intervals during traverse in 
order to avoid readings which are not comparable due to flow variation. 
A "pilot meter" was also suggested for unsteady flow to indicate flow 
while traverse is being made so that readings may be taken only at some 
pre-determined rate. Tests show an error on pipe factor of .2.% recorded 
by repeated traverses on the same section. Pulsation effect and 
vibration of tube were also mentioned where the former could cause .15% 
error in centre deflection reading and the latter may increase reading 
of velocity head. In conclusion, this particular type of meter has 
coefficient range from 0.870 at 10 fps to O .885 at 3 fps and is un­
affected by angularity to 3 degrees. It was also pointed out that pitot 
measurement and traverse should only be used by trained and experienced
persons.
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2.3. METHODS OF TRAVERSING OF PITOT TUBE
On the subject of traversing of all kinds of pitot tube, 
many authors have covered and recommended a number of methods for 
traversing and some methods are still in use at the present time as 
seen in standard codes, wherever a pitot tube (impact tube with wall 
piezometers, pitot-static tube or reversible pitometer) is used. All 
methods of traverse give good accuracy and require well trained persons 
to carry out the tests.
The general concept is to divide the cross-section of the 
pipe into several equal annular areas and a central circle. Perry (23) 
suggests for an N-point traverse on a circular cross-section, readings 
are to be made on each side of the cross-section at:
of the pipe radius from the centre. With a normal velocity distribution 
in a circular pipe, a 10-point traverse theoretically gives a mean 
velocity 0 .3 per cent high, and a 20-point traverse, 0 .1 per cent high. 
It was also suggested that traversing be made at several diameters 
spaced at equal angles about the pipe if the velocity distribution is 
unsymmetrical.
authors use traversing and the ring integration method of computing 
mean velocity from the velocity traverse. For this method, the errors 
of computation are small if as many as ten equal-area rings are used 
and if two diameters at right angles are traversed plus one diameter 
in the plane of an upstream bend in order to judge the lack of symmetry 
in the velocity distribution. There are four values of velocity for
100 per cent ,
where n = 1,2,3, to N/2 ,
In general pitot tube practice, Cole (.21) and many other
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each ring with two traverses 90 degrees apart. These readings are 
taken at the respective centres of area of ten rings of equal area. 
Position of the centres of area given here is:
Ring 1 = R ^ 0.05 ;
Ring 2 = R Y 0.15 ;
Ring 3 = R y 0.25 ; etc.
where R is radius of the pipe. This results in two smooth curves 
representing the square roots of the pitot-tube deflections for the 
two diameters, then from each curve twenty readings of the square 
roots are taken at the respective centres of area, making forty read­
ings, and these are averaged to obtain the mean square root for the 
gauging section. Cole (21) states that this method is more accurate 
than that by the use of the mjd-point of equal areas or by the average 
of the boundary readings of the rings of equal area.
The current standard code on measurement of fluid flow in 
pipes using pitot tubes (2) recommends a ten-point log-linear rule 
traverse where the mean flow velocity is the arithmetic mean of a 
series of readings. Its detailed analysis will be seen in the theore­
tical section on traverse.
Another method of traversing is devised by Sherwood (2U) as 
an attempt to reduce a multi-point traverse to a reallistically prac­
tical traverse with less measuring points which are precisely located 
and then properly weighted to give the mean reading of velocity. 
Sherwood suggests the use of Gaussian rule of numerical integration to 
integrate the curve of the velocity u versus (r/R) ; though according 
to him it may not appear to be familiar to many engineers, but for 
many practical uses it would appear to be simpler and better than 
Simpson’s rule or graphical integration.
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The application of this rule to a pitot tube traverse is 
quite simple, as the problem is simply the evaluation of the average 
value of u on a plot of u versus (r/R) , the variable (r/R) does not 
have to be changed, as the limits are already +1 and -1. And since the 
value of the proposed simplified traverse rests entirely on the com­
plexity of the velocity distributions encountered in practice, a few 
tests were carried out where data were collected on flow conditions 
in conduits operating under a wide variety of conditions in a steel 
plant, a paper mill and a chemical plant. In most cases the usual 10- 
point traverse had been employed. The velocities were plotted versus 
(r/R) and the average velocity was obtained by graphical integration. 
The Gauss method was also used, values of u at the specified positions 
across the diameter were obtained from smooth curves drawn through the 
velocity measurements. It was found that the Gauss method gives results 
which are within the probable error of the data. The average deviation 
(without regard to sign) from the values obtained by graphical inte­
gration is 1 .1 per cent for the 3-point method and 0.8 per cent for 
the U-point method. The corresponding maximum error is 3 per cent. It 
would appear that the ^-point, and in many cases, the 3-point Gauss 
method give results of sufficient accuracy for plant tests, with 
considerably less trouble than the usual 10-point traverse.
Other simplified integration techniques for pipe-flow 
measurement are summarised by Winternitz (25) since simple new methods 
of numerical integration had been developed for the determination of 
flow rates in pipes from point-velocity measurements with either pitot 
or current meters. These methods, employing a reduced number of 
measuring points, are suggested as suitable for inclusion in the
test codes and standards of flow measurement. A reviewexisting power
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of velocity-integration methods was given where the evaluation for the 
determination of the flow rate through the pipe can he graphical or 
numerical. The graphical integration method, however, is slow, and 
suffers from the inherent disadvantage that the conversion of numerical 
results into a graphical presentation is required before the final, 
and again the numerical answer can he obtained by planimetering, each 
stage of the process of evaluation being a possible source of error.
By comparison, numerical methods of integration are speedier in 
operation, and permit full use of novel recording techniques.
On numerical integration, firstly, tangential rule was 
mentioned where the cross-section of the pipe is divided into concen­
tric rings of equal area with the innermost being a circle and the 
velocity readings are taken at positions on concentric circles which 
bisect each ring into two equal areas; the arithmetic mean of these 
velocities is assumed to be the mean velocity of the flux through the 
cross-section. The standard deviation for the 10-point tangential rule, 
on the evidence of some 30 tests, was of the order of 1 per cent by 
comparison with volumetric measurements, and about half that for the 
results obtained from some 15 tests by reference to planimeter values. 
The reason for such deviation is the inadequate approximation of the 
velocity distribution near the wall by polynomial fitting functions.
The second method mentioned is the Gauss-Sherwood method, 
which is previously seen in Sherwood’s work (2U), which employs the 
most accurate of the numerical quadrature formulae suggested by Gauss. 
For both the three and four-point traverses, the average deviations 
from the planimeter results were of the order of one per cent, with a 
maximum deviation of approximately three per cent. Both rules were 
tried out on some of Nikuradse’s fully-developed velocity profiles,
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comparing the results with those obtained from graphical integration, 
Individual relative errors of the three-point traverse were more than 
plus three per cent, whilst the four-point rule yielded results 
accurate to within one half per cent. Caution is therefore advised in 
the use of the Gauss 3-polnt method. The U-point rule, therefore, is 
adequately accurate for most requirements, but laborious in use since 
complicated weights have to be carried.
One final and important method of numerical integration 
mentioned by Winternitz (25) is the log-linear rule, which was 
previously seen being recommended by the British Standard on the 10- 
point traverse. Since most of the regular methods of numerical 
integration have proved unsuitable or impracticable due to the steep 
gradient in the velocity distribution near the pipe wall, more 
appropriate fitting functions must therefore be used, if the accuracy 
required and the desired simplicity are to be obtained. Traverse 
positions can be calculated from log-linear equations for velocity 
distribution and the mean velocity is to be obtained as the arithmetic 
mean of the individual components. The method was compared with 
graphical integration results and it was found that the four and six- 
point log—linear traverses give answer well within one per cent; in 
fact, six gauging points ensure an accuracy of better than one half 
per cent and ensure results which are adequately accurate for most 
purposes. This, according to Winternitz, seems the most attractive 
method for determining the mean velocity of symmetric, developed pipe 
flow, since it is inherently independent of the Reynolds number.
By comparison, the standard ten-point tangential rule over­
estimated the mean velocity in all cases by approximately one per cent 
Of the previously recommended integration rules, only the four-point
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Gauss rule seems adequately accurate, but is considered inconvenient 
in used. Other methods require, for an accuracy comparable to that of 
the log-linear rule, an excessive number of gauging positions.
The A.S.M.E. report on theory and application of fluid 
meters (5) recommends four methods of averaging of readings along the 
radius of a circular duct. For each channel type several combinations 
of meter location and weight may be chosen. These are :
(i) Centroid of equal areas: equally-weighted measurements 
at equally-spaced areal increments. Utilizing repeated application of 
the trapezoidal rule, this mode of averaging is the simplest and least 
accurate of all listed. This is equivalent to the tangential rule 
previously mentioned.
(ii) Newton-Cotes: appropriately-weighted measurements at 
equally-spaced areal increments.
(iii) Chebvshef: equally-weighted measurements at 
appropriately-spaced locations. If all measurements are of equal 
probable error, this method yields the smallest probable error of the 
mean equally weighted observations.
(iv) Gauss: appropriately-weighted measurements at 
appropriately-spaced locations. If all measurements are of equal 
probable error, this method yields the smallest probable error of the 
mean and is generally the most accurate of the four methods.
The A.S.M.E. Report (5) also lists the four methods in a 
table with values of n (measuring stations along the radius), x (linear 
interval, open-channel flow), r (interval, circular duct R=l), and w 
(weights).
Apart from the pitot tube and the traverse, the report also
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illustrates a combined-reverse pitot tube (Cole pitometer) where the 
static is a reversed duplicate of the impact tube, the instrument 
coefficient of this tube will be lower (about 0.86) than for regular 
pitot-static tube or the impact-side wall tap combination. Another 
meter shown in this report is an impact tube combined with a reversed 
static, or suction pressure tube, where some average value of the 
velocity-equivalent pressure is picked up by a special inner tube from 
four openings in the outer tube that extends across the pipe. It is 
the tube that this project aims to analyse and investigate its
design as well as accuracy over the other flow-measuring elements, 
since there has been very few on fluid flow measurement which have 
included the basic design theory and its accuracy, although it has 
been used by some industry for a few years.
2.U. THE AMULAE-AVERAGING FLOW SENSOR
In a paper by Plache (26), the flow sensor is mentioned and 
referred to as the "Annubar primary flow element", using the concept 
of annular averaging. Average velocity of flow is obtained through the 
continuous reading of average pressure differential without making a 
traverse. The Annubar is thus a primary flow element with all the 
obvious advantages of the pitot tube and traverse : low initial cost, 
low installation cost, low permanent pressure loss, and long-term 
accuracy because there is no appreciable change in discharge coefficient.
As seen throughout literature, since the pitot tube was first 
invented, hydraulic engineers have endeavoured to improve on the design 
and refine the basic equation applicable to its use as well as modifi­
cations employing the original principle. Early designs used the simple 
form of the pitot tube to measure total pressure with the static
pressure taken from wall tappings. Then through experimentation and 
careful calibration it became evident that the combined type (pitot- 
static tube) offered many advantages over the simple tube. The pitot 
tube is almost universally accepted as a highly reliable device for 
single points of measurement as is required in velocity distribution 
studies and the like. It is indeed a most important tool for velocity 
and flow profile determinations. Studies of pitot tube characteristics 
for a wide variety of flow conditions have been made for the refinements 
of fluid research in modern aerodynamics where the pitot tube has taken 
on the aspect of a precision instrument. Unfortunately, the results of 
these refinements in design and theory have not been applied by most 
industry because of its limitations as mentioned in Chapter 1. Thus 
for a long period the use of pitot tube and similar tubes of the same 
principle has been taken for granted. Some modified designs have proven 
satisfactory , and some are still in question. The A.S.M.E. Fluid 
Meters Report (5) states that the main disadvantage of these modified 
designs of pitots, as compared to the conventional designs, is the 
variable distribution of pressures around the tubes, mainly the com­
bined impact and reverse tubes. The report recommends a calibration 
of these types of design in situ or at least in a similar flow system 
in order to achieve comparatively reliable rate-of-flow measurements.
The design of the Annubar primary flow sensor falls in this 
category. Therefore,"thorough investigations, both analytical and expe­
rimental, must be made to determine its practiceki 1 < , its reliability
and its accuracy as compared to other conventional devices.
In the following chapter, basic flow theory will be studied 
and principle of annular averaging applied to pitot will be developed, 
as it is leading to the design of the flow sensor.
CHAPTER 3
F L O W  I N  : 
B Y  F
AND F L O W  M I A B U H I M I S f  
U R 1 - H S A B  S E N S O R S
All previous works on flow measurements leading to the design 
of the flow sensor have "been shown in the preceding Chapter. In this 
Chapter, the basic theory of flow in pipe and pitot tube measuring 
techniques will be briefly Investigated in order to analyse the deve­
lopment and design of the flow sensor.
3.1 FLOW OF FLUID IN PIPE
The effects of fluid viscosity on the flow of liquids and 
gases in ducts are of both theoretical and practical interest. Laminar 
flow in many instances can be analysed theoretically. Both theory and 
experiment have been necessary to reach the present state of under­
standing of turbulent flow. In either case, viscosity is important 
and the Reynolds number with the hydraulic diameter as the characteris­
tic length will be a significant parameter (ReD= VD̂ /'J). Uniform flow 
in a circular tube is laminar up to a Reynolds number of about 2300, 
that it passes through a transition regime before becoming entirely 
turbulent. For engineering calculation, it is generally assumed laminar 
below a Reynolds number of 2000.
For both laminar and turbulent flow, the wall shear stress 
is very large at entrance and generally decreases in the direction of 
flow to a fixed value. The magnitude of the pressure gradient dp/dx 
also generally decreases in the flow direction to a fixed value, but 
at a rate slightly less than that for the wall shear stress. Finally,
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the velocity profile also changes, and eventually it becomes adjusted 
to a fixed profile. The -wall shear stress, the pressure gradient, and 
the velocity profile all approach their fixed value asymptotically, 
and thus it is difficult to set a precise length for the entrance 
region. It could he defined as the region or length required for any 
one of these three quantities to reach a fixed value.
When the ■wall shear stress, the pressure gradient, and the 
velocity profile have reached constant conditions, the flow is called 
fully-developed flow. Fig. 3.1 shows the growth of boundary layer and 
change of velocity profile in pipe for laminar and turbulent flow.
3.1.1 FULLY-DEVELOPED INCOMPRESSIBLE FLOW IN PIPES
In engineering practice, it is customary to express the 
pressure gradient in the form of the so-called Darcy-Weisbach equation, 
developed by Olson (27) through dimensional analysis. The equation is:
A p =
L D 2 (3.11
where f : friction factor 
2
: dynamic pressure of the mean flow;
D : pipe diameter; and 
— : pressure gradient.i_l
An alternative form in terms of the head loss due to friction
hf is
h = t ( i ) i“f f V  2g
where If : specific weight of fluid.
(3.2)
The friction factor f is a function of the relative roughness 
k/D, where k is the effective height of the roughness elements, of the 
pipe surface and of Reynolds number of the mean flow
1*8 .
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For fully-developed incompressible flow in a round pipe, the 
momentum theorem applied to a cylindrical element of length L and
radius r, shown in Fig. 3.2, gives :
PjKr2 - PglTr2 -XbrrL = 0 (3.3)
where shear stress.
or ^ 1 , rL (P (3.b)
Equation (3.^) is valid for both laminar and turbulent flow. 
It shows that the shear stress varies linearly with the pipe radius, 
being zero at the centre and maximum at the pipe walls, where the wall 
shear stress becomes :
= (£) (3.5)
A comparison of equation (3.5) with equation (3.1) shows 
that the wall shear stress is related to the friction factor by the 
equation :
" C =  f (3.6)
Define as shear velocity
(3.7)
The next subsection will show the brief theory on velocity 
distribution in a fully-developed incompressible laminar flow.
3.1.2 VELOCITY DISTRIBUTION IN LAMINAR FLOW
Consider steady laminar flow of incompressible fluid ( 
constant) in a long circular tube of length L, radius R.
For a circular tube, momentum balance over a thin '’shell" of
fluid in steady-state flow is :
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Rate of Rate of
] momentum in I momentum out
Sum of forces ) 
acting on system \ ^
■where forces concerned are pressure forces, viscous forces 
and gravitational forces acting on volume as a whole. Through mani­
pulation of the equation of momentum balance, with the aid of Rewton 
law of viscosity, the equation of velocity distribution for laminar, 
incompressible flow in a circular pipe has the form :
A P 2 IX = R
kj\L U
1 - ( | ) 2 (3.8)
The distribution is parabolic. From Equation (3.8)






1 - (f) 2
(3.9)
(3.10)
Equation (3.10) gives the ratio of velocity at a point r to 
the maximum velocity at the axis of the pipe for laminar, incompres­
sible flow.
(ii) Average velocity V avg :
The average velocity is obtained by summing up all velocities 
over a cross-section and dividing by the cross-sectional area.
Since Q = A Vv avg
where Q = discharge or volumetric flow rate.
A = cross-sectional area.
Hence
 ̂ ) I u.r.dr.d'O’Q _ oJ o' -








avg (3 .1 2 )
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Comparing with Equation (3.9) :
1V avg o U2 max (3.13)
Thus the volumetric rate of flow is
Q, = A V avg
TCR1 AP
8jAL (3.1k)
Equation (3.1̂ -) is known as the Hagen^Poiseuille law for 
laminar flow in pipe. This law is derived under the following assump­
tions :
(i) Laminar flow Re ̂  2000 ;
(ii) Density constant, i.e. incompressible flow)
(iii) Flow is independent of time, i.e. "steady state";
(iv) Fluid is Newtonian, i.e. = -|to— —  )
(v) End effects are neglected. Entrance length Le= .035 Re^ 
is required for "build-up to the parabolic profiles;
(vi) Fluid behaves as a continuum;
(vii) No slip at the wall.
Hagen-Poiseuille law does not, however, apply very often to 
flow in pipe since turbulent flow exists in most practical situations. 
The effects of turbulence on flow measurements, in particular, will be 
briefly investigated in the next sub-section.
3.1 .3  EFFECTS OF TURBULENCE ON FLOW MEASUREMENTS
In experimental work on turbulent flow, it is usual to 
measure only the mean value of pressure and velocity because they are 
the only quantities which can be measured conveniently. The measurement 
of the turbulent, fluctuating components u' , v ’ or their mean values 
such as u*2, uT*,.. is rather difficult and requires elaborate 
equipment. Reliable measurements of the fluctuation-velocity components 
have been obtained with the aid of hot-wire anemometers. The measurement
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of mean values is quite sufficient for most practical applications, 
but only through the actual measurement of the fluctuating components 
is it possible to gain a deeper understanding of the mechanism of 
turbulent flow. Schlicting (28), Reynolds (29) and Bradshaw (30) 
present to details the physics of turbulence with a discussion of 
measurement te chni ques.
Because of the extremely complicated nature of turbulent 
flow, theoretical assumptions have been made for its calculation. The 
case of turbulent flow through pipes was investigated very thoroughly 
in the past because of its practical importance.
Analysis of velocity fluctuations in turbulent flow and 
various derivations of velocity profiles in turbulent flow in straight 
pipe are shown in Appendix A. The succeeding sub-section shows the 
final results of all turbulent flow studies.
3.1.U VELOCITY DISTRIBUTION IN TURBULENT FLOW
When a fluid is allowed to enter a circular pipe from a 
large container, the velocity distribution in the cross-sections of 
the inlet length varies with the distance from the initial cross­
section. In section close to that at entrance the velocity distribution 
is nearly uniform. Further downstream the velocity distribution 
changes, owing to the influence of friction, until a fully-developed 
velocity profile is attained at a given cross-section and remains 
constant downstream of it. The inlet length in turbulent flow is 
considerably shorter than laminar flow.
Recall the momentum flux and velocity distribution equations 
for laminar, incompressible tube flow ;
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1 - ( - ) 2 VR ;
In turbulent flow in a pipe, the radial components of 
velocity cause an interchange of momentum between adjacent layers of 
fluid, and as a result, the velocity profile is flatter than that for 
laminar flow. The higher the Reynolds number, the flatter the velocity 
profile. Since the velocity is zero at the pipe wall, this results in 
a very large velocity gradient at the pipe wall with a resulting 
higher wall shear stress than for laminar flow at the same Reynolds 
number.
For turbulent flow, it has been shown experimentally that 




= (i _v R ;
^  ■ »'8*^  max
k . . sThis is quite accurate for 10 Re^$. 10 , more accurate
expressions are given later. The laminar and turbulent velocity profiles 
are compared qualitatively in Fig. 3.3 (different flow rates).
At the centre of the tube, the velocity fluctuations are 
almost completely ramdom. However, in the immediate neighbourhood of 
the wall the fluctuations in the axial direction are greater than 
those in the radial direction, and all fluctuations approach zero at 
the wall itself. Hence it is apparent that there is a marked change in 
the physical behaviour with radial distance. Although this change is 
continuous, it has become customary to think of three arbitrary zones 
within the tube : the laminar sublayer, in which Newton’s law of 
viscosity is used to describe the flow; the buffer zone, in which the
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F i g .  3 ^ J j: V e l o c i t y  D i s t r i b u t i o n  f o r  T u r b u l e n t  F lo w
i n  T u b e s  -  R e g io n  N e a r  T u b e  W a l l .
56.
laminar and turbulent effects are both important; and the region of 
fully-developed turbulence, in which purely laminar effects are of 
negligible importance. These regions can be shown in Fig. 3.b.
(i) The l/n-th power law :
It is possible to represent the velocity distribution of 
turbulent flow in smooth circular tube by a curve-fit function:
(3.15)
max
where the exponent n varies slightly with the Reynolds 
number. This is referred to as the l/n-th power law. .The value of the 
exponent n is n = 6 at the lowest Reynolds number Re^= U x 10^, it
. Qincreases to n = T at R ^ =  100 x 10'J and to n = 10 at the highest
O
Reynolds number Re^ = 3,2i+0 x 10 , these values are given by past 
experiments and investigation (28).
The ratio of the average velocity to the maximum velocity 
for the l/n-th power law is :
avg _ ______ 2n______
u. ~ (n + 1)(2n + 1) max
(3.16)
The respective numerical values are given in Table 3.1.
Table 3.1: Ratio of Mean to Maximum Velocity.
n 6 7 8 9 10
uavg
u.max
.7912 .8167 . 8366 .8526 .8658
(ii) The universal log law :
The analysis of flow in rough pipes (generalized results 
also apply to smooth pipes) involves the shear velocity , defined 
as:
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(3 .1 7 )
In this flow regime, Prandtl's semi-empirical analysis (27) 
gives a universal velocity distribution law as :
u - u „
= 5.75 log 2. = 2 .5 ln «
V» y y
(3 .18)
where umax is "the centre-line velocity, u is the variable velocity at a 
distance y from the pipe walls, and R is the pipe radius. From equation 
(3.18) the average velocity may be calculated as:
V = u - 3.75max v (.3,19)
Combining equations (3.18) and (3.19) gives an expression 
for the ratio of the centre-line velocity to the average velocity as:
umax
V
= 1 + 1.33 \ff (3.2 0)
This equation may be used as a means of estimating the 
average velocity for fully-developed turbulent flow in a round pipe 
from a single measurement at the centre-line velocity, although 
more accurate results are determined from measurements which give 
the actual velocity profile.
In the completely rough regime of flow, a semi-emperical 
analysis also indicates that the velocity profile may be given in 
term of the equivalent sand-grain roughness k as :
= 5-75 log £  + 8.5 = 2.5 In £ +  8.5
* (3 .2 1 )
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When equation (3.2 1) is combined with equation (3 .20) and 
the resulting constant adjusted for the experimental results of 
Nikuradse (27), an expression for the friction factor becomes;
f = ________1_________
(2 log |  + l .?!*)2
(3.22)
An equation by Colehrook and White encompasses all flow 
regimes and is expressed as:
2§ ♦ i § U L )  (3.23)
which becomes (3.22) as R^p gets very large, and equation for smooth 
pipes for which k 0 is:
p  = 2 log (BeVf) - 0.8 (3.2lt)
V
This is known as Prandtl’s law of friction for smooth
pipes.
“  = l.TU - 2  log (
f
3.2 FRICTION FACTORS FOR FLOW IN PIPES
The fluid exerts a force F on solid surfaces :
F = F + F (3.25)~ ^ s "k
where:
F : force exerted by fluid when stationary;'-S
F : additional force associated with kinetic /-'k
behaviour of the fluid; F points in the 
same direction as the average velocity.
The magnitude of F is expressed as :** x
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where A : Characteristic area:c 5
K : Characteristic kinetic energy; 
fp : Friction factor.
For any given flow system, f is not defined until A and K 
are specified.
For flow in conduits:
A^ : Wetted surface or perimeter;
K :r Vavg
For circular tube of radius R, length L:
F, = (2 JtRL)C ) ftk ' ' v  ̂Vavg 1 T
A force balance between two arbitrary points gives:
Fk =  [ (P1 - P2> + ̂ hl - h2)]KR2
For horizontal pipe: h^ = h^
(3.26)
where
F = A  P TtRk
A p  = p - p
1 2
(3.27)
Comparing (3.26) with (3.27):
f = ^  f— Ì -^-£—?fF 4 ^ ÇV2 (3.28)avg
where D : diameter of the pipe.
fp is sometimes called the Fanning friction factor.
For a smooth horizontal pipe as shown in Fig. 3*55 where 
constant and jA= constant, it is presumed that the pressure P^ at 
r = 0 and x = 0 is known and that the velocity distribution at the plane 
x = 0 is also known. The velocity distribution depends upon the 
nature of the flow system for x < 0. If that part of the pipe is very 
long, then tf at x = 0 will be the fully-developed velocity profile, 
independent of x for x y 0.
6l.
Force of fluid on the inner pipe -wall (for both laminar
and turbulent flow) is expressed as :
L 2TC



















■ r*r* = —D
p* = Tv2\ avg
ReD=
D V <?avg V
Equation (3.30) may be written:
AD 2  It - i> u *
i  /
f = 1 D 1





Equation (3.31) is valid for circular tubes with laminar
or turbulent flow.
It is noted that
f ( Re 5 D ) (3.32)
This equation could be proved by the Buckingham s Pi 
theorem among the following quantities:
Quantity Fundamental unit
p M L" 1
M L^3





The number of quantities is n = 6 and there are m = 3 
fundamental dimensions (M, L and T). The K-theorem states that there 
will be at least one of n - m (n - m = 3) independent dimensionless 
groups in a dimensional analysis.
This results in:
7C, =a p /^p V21 V avg
1X2 = L/D
Ti, = D V ^ / m .3 avg v /
Thus:
r q  = f ( TV 1V
or
Friction factor f^ = f( R^> L/D )
If the velocity profile is fully-developed at plane 
x = 0, then ^u*/7>r* is independent of x*. The integration over x* 
in Equation (3.31) can be performed to give L/D, this factor cancels 
the factor D/L appearing before the integral.
Hence
fp = f( Re^) (3.35)
If the velocity profile is not fully-developed at plane 
x = 0 but the entrance length is very small with respect to L, then
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the integral over x* will yield very nearly L/D and equation (3.33) in 
a very good approximation.
Equations (3.32) and (3.33) are useful results in that they 
provide a guide to the systematic presentation of data on volume rate 
of flow versus pressure drop for laminar and turbulent flow in circular 
tubes. For long tube, a single curve is needed of f plotted against 
Reynolds number. There is much experimental information for tubes on 
pressure drop versus average velocity (or volume rate of flow)9 hence 
fp can be calculated from experimental data by equation (3 .28). f can 
be plotted versus Re^for smooth pipes as well as rough pipes, this 
is well known as Moody chart (32) for friction factors for pipe flow. 
The Moody chart is shown in Appendix F.
3.2.1. LAMINAR FLOW:
It is noted that the laminar curve on the friction factor
chart is a plot of the Hagen-Poiseuille law of equation (3.1̂ -). This
can be seen by substituting the expression for V from equation
(3.12) for one of the V 's denominator of equation (3.28). Thisavg
Hence equation (3.32) is valid when:
- the velocity profile is fully-developed;
gives :
V A J L  h2avg
f.F h (D/L)4P R2 )V
Simplifying gives:
6k.
t = i l  A* D . . . 2





Thus for laminar flow, the Fanning friction factor fF
is derived and given by Bird (31) as a function of the Reynolds number, 
Other texts such as Olson (27) and Streeter (33) give different 
constant of proportinality by deriving this equation based on 
Darcy-Weisbach equation as seen in Equation (3.1)
A  P _ _f ^.^avg 
L D 2
Re-arranging:
f = A  P D 2
L ^ v 2avg
Substituting equation (3 .12) into the above equation:
i ±J \ V  ^ R 2V avg 8 ĵ L
16 D
<?V Tf\ avg jj-
6k M
^  Davg
f = 6kRe, (3.35)
which agrees with the result found by Moody (32)
Thus f = k f„ (3.36)
3.2.2. TURBULENT FLOW:
The turbulent curves on the Moody friction factor chart 
have been established by experimental data. Schlicting (28) provides
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discussion of friction factors for turbulent flow in smooth pipes.
Recall equation (3.5) for shearing stress at the wall:
A  P R 
L 2
The relationship between the pressure gradient and the 
mean rate of flow could be determined theoretically for the case of 
laminar flow and the result agreed with experiment. In the case of 
turbulent flow, such relationship can only be determined emperically 
because theoretical analysis of turbulent flow have so far been 
extremely difficult. This relation is usually given by the so-called 
’ laws of friction ’ or ' laws of resistance f.
Define a dimensionless coefficient of resistance, ?\, as :
A  P _ ^  w2
L D 2 avg




The T law of resistance ’ is obtained empirically by 
Blasius and is expressed as:
\I D n
A  = o.3i6it (
A= 0.3161* / Re^ (3.39)
which is valid for the frictional resistance of smooth pipes of 
circular cross-section and known as the Blasius formula. The Blasius 
formula is found valid in the range of R e ^  105. When compared with
experimental results, it produces them very accurately for ReD
5up to 10 .
Nikuradse, quoted by Schlicting (28) , carried out a 
thorough experimental investigation into the law of friction and
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velocity profiles in smooth pipes in a very -wide range of Reynolds 
3 6number) ^ x 10 ^  Re^ ̂  3.2 x 10 . The velocity profiles for several
Reynolds numbers were plotted on charts of it/u versus v/R wheremax J
y = R - r, y is the distance from the wall. It is possible to 
represent it by the empirical equation:
^  = ( £  )^n 
a  v r  'max
as seen previously in equation (3 .1 5).
This equation of velocity distribution is related to 
Blasius law of friction in equation (3.39)? and this relation, first 
discovered by Prandtl (3 -̂), is of fundamental importance in turbulent 
flow.
Substituting equation (3.39) into equation (3.38):
V Dt - -, U n








r „  = 0.03325 v'“ r '■*7 A  ^avg
where denotes the friction velocity.
(3.1*0)
Re-arranging:
( \T/^ _ 1 r V, B
K y  ; 0.03325 V ÿ }
( I s m  ) = 6.99 ( )!/T (3.41)
V* v
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For a value of Re^ 1CT , the exponent of equation (3.15)






R -1 j rj
8.56 ( —  )1/T
)>
This equation is valid for any wall distance y;
a
v* 8.56 ( 3 y  y ) l / 7 (3.k2)
Thus the l/7~th power velocity distribution law, equation 
(3.U2), can be derived from Blasius resistance formula.
In short forms, introducing <{? = -j
and
equation (3.^2) becomes
(j> = 8.56 1/7 C.3.U3)
The ratio of the average velocity to friction velocity 
in equation (3.^1 ) can be derived from equation (3.^2)
using integration on the entire cross-section:









- p 25- = (0.817) (8.56) ( - y —)* \ l / 7
It r V
6.99 ( - J1 )177 (3.UU)
as in equation (3.̂ -1).
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From definit ion of friction velocity:
m 2 _ A P  — r 4 p d̂
* L 2 ̂  h L
From equation (3.28):
From .(3. M O  ;
f_ = ^  2 = xF 2 L P U  . ;\  avg 2 u








( —  )uavg
(6 .9 9 )T
( .T ) _1
(6 .99)T ^
, R U .1 / avg n-1
(6. W 7 ^
(6.99)
D U .. f ay8 \-l
T 1 V
( ^ -  )2w avg
*
2
' \ • "D \tavg
_(6.99)7 . y J






Thus for flow in smooth pipes:
- Laminar f^ = l6/Rep





Recall the equation.for shear stress at the -wall;
r0 4  P R L ' 2
Substituting forZiP/L from Darcy-Weisbach equation(3.1)





f = 0pPii\ avg
From Blasius formula:






Again compare with (3.^6):
f = k f,
For flow in smooth pipes at large Reynolds number, 
the general equation has the form:
(jp = A lnr^ + D (3.^7)
where ^  = U/ *
and 4  ̂= y / p
The numerical values of the constants A and D are found
to be:
A = 2.5 
D =5.5
Thus
<b = 2.5 In 5.5 (3.W)
<|> = 3.T5 logO + 5-5
or
TO.
By definition of (jp and Yy ;
,i y
7 . = t2'5) ln < —  ) + 5.5
Integrating over the entire cross-section:
2n R
J | u r dr d$
u =avg
' ECVJ
/ r dr dfr
0 0
U =avg ■ > ’. [
1.25 In ( —
Uavg
2 V* 1.25 In
vJ,
( y  )R + (
— 1.25 In ( D u. -)} avg i





= 2 ( J ku.avg
Uavg _
2 V,
= 1.25 £ln Re f t  - In 2 \^2J + 0.875
--- = U.07 log Re,
f t
f t  -
o:6 (3.50)
A good fit of the f vs Re curve from Re^ = 2.1 x 10 




= It.o log - 0.1+ (3.51)





3.3. VELOCITY MEASUREMENT AND THE "EITOT TUBE
■ — — —— I H  ........................■■'"v--*!1 1   — — '■ 'J 1 1 '■ **■<—■   
The velocity at a point or a number of points throughout 
a section in a fluid stream is often needed to establish the velocity 
profile. This profile is sometimes necessary in order to obtain 
the average velocity and the mean flow rate. A point velocity is 
difficult to measure, since any sensing device occupies a finite 
region. The measured velocity can be considered a point velocity if 
the area of flow occupied by the sensing element is very small 
compared with the total area of the flow stream. It is essential 
that the presence of a sensing device in the flow stream does not 
affect the flow being measured. This requirement thus limits the 
size of the instrument which may be used satisfactorily.
The method of using the pitot tube to measure the 
difference between the stagnation and free-stream pressures in 
order to obtain the velocity profile is discussed here.
3.3.1. THE PITOT TUBE:
The principle of the pitot tube is making use of the fact 
that if a bent open tube is placed to face upstream in an open 
liquid stream, the liquid will rise in the tube a height h (assume
Recall f = • k f,
(3 .5 1) becomes:
\T£~ = U'-° 108 Re#
0 A
= k.O ^log Re^^f + log (h)
-  = 2.0 log Re \[f
{f ^
as given by Schlicting(28).
0 . 8
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no capillary effect) as seen in Fig.. 3.6.
The Bernoulli equation written from a point upstream 




where P^ : Pressure at point 1
h  =
Pq : Atmospheric pressure 
p0 = ^(j1 + h)
since a stagnation condition exists within the tube. Thus 
the stream velocity is:
V i 2 Yh (3.53)
If the stream velocity at a point in a pipe is to be 
measured, as seen in Fig. 3.79 the same equation is obtained.
If the static pressure is high, y^ is large and reading 
of the piezometric heights y^ and y^ + h may be difficult. The pitot 
tube may be connected to a simple manometer, as seen in Fig. 3.8, 
to result in a more convenient system.
where
The difference between stagnation and static pressure is
P0 - P1 = hm ( >
h : manometer deflection; m
Y  : specific weight of manometer fluid; m
^  : specific weight of flowing fluid.
The stream velocity becomes:






The system above is known as pitot impact tube plus 
vail static pressure tappings. It may be incorporated into a single 
instrument knovn as a combined pitot tube or pitot-static tube. This 
tube consists of tvo concentric cylinders bent into an L shape 
and vith various head forms, such that the inner cylinder is at the 
stagnation pressure and the annular region between cylinders is at 
the static pressure. Pitot-static tube is shown previously in Fig. 
1 . 3 .
If the flow is turbulent? the high frequency velocity and 
pressure variations have the effect on indicating a velocity higher 
than the time-average velocity, and it is common to use a coefficient 
C , so that:
u i = c (3'55)
Unless an instrument is carefully calibrated, C is 
usually assumed to be unity.
In a gas flow, compressibility must be considered, and 




P11 \ / k - 1












k : Ratio of specific heats 
R : Gas constant 
T^ : Temperature at 1.
For a supersonis gas flow, the pitot tube equation is given 
p
= ( i£±i M2 )k -l , 2k_ „2 _ M  jl-kP- 2 1 ’ K k+1 1 k+1
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3.3.2. THE PITOT CYLINDER OR TRANSVERSE PITOT TUBE:
A small cylinder mounted in a pipe so that it is free to 
move along the diameter of the pipe and which has a small hole at a 
forward stagnation point (leading edge of the cylinder) may he used 
in conjunction with a wall piezometer tap to measure the difference 
between stagnation and static pressures. A cylinder of this type is 
known as a pitot cylinder, as shown in Fig. 3-9*
If velocity measurements are made at a number of points, 
the velocity profile may be determined and the flow rate calculated.
Equation (3.55) "with C =1.0 may be used for the pitot 
cylinder as well as the pitot tube. The flow area obstructed by the 
cylinder should be kept small in order that choking effects may be 
minimized.
The pressure field around a cylinder, shown in Fig. 3.10, 
is such that if the pressure tap or slots in it are placed at 35^ to 
^0° above and below the stagnation point and are connected to the 
opposite sides of a differential manometer, the cylinder then becomes 
a sensitive device for determining flow direction. When the manometer 
deflection is zero, the point 0 (leading edge) faces directly upstream. 
A slight change in direction of the velocity vector U will unbalance 
the manometer and cause significant change in pressure reading.
The Collins flow gauge, a special form of transverse 
pitot tube having 2 orifices on opposite sides of the tube (leading 
edge and trailing edge) is widely used for measuring the flow of 
water in pipelines. For this kind of tube, the tube coefficient is less 
than unity since the downstream pressure is less than static. When 
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stuffing "boxes in opposite vails of the pipe, "being free to rotate and 
slide "back and forth. The essential features of this tube are shown in 
Fig. 3.11.
The problem of correcting the area occupied "by the tube 
vhen calculating the flov and the question as to whether the differen­
tial head indicated by the manometer is equal to twice the velocity head 
are being investigated by Christiansen and French (35) and by Doig 
and Rose (12) through a series of experiments.
Tests to determine the pressure distribution around 
transverse tube were made by Christiansen and French (35) in a 5g in 
pipe with a 5/l6 in tube and the result is shown in Fig. 3.12.
With the orifice at the centre of the pipe, readings 
were taken at each 10-degree rotation of the tube as shown. As the 
tube is rotated from the upstream position through an angle about 
15 degrees, the pressure varies but little from the maximum. With 
further rotation it decreases rapidly, equaling the static pressure 
at approximately ^5 degrees and reaching a minimum about 80 degrees. 
Beyond 90 degrees it is almost constant, increasing slightly near 
180 degrees.
A series of tests with a number of transverse tubes and 
improvised conventional type pitot tube and an orifice plate as 
reference meter gives the following remarks:
- Negative pressures on the downstream side of the transverse 
tubes were generally greater than the positive pressures on the 
upstream side;
- Velocity traverses with the upstream orifice were 
identical for all tubes, regardless of size, and were similar to those
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obtained -with an improvised conventional type pitot tube. Mean 
velocities computed from these traverses agree with the orifice plate 
measurement;
- Downstream orifice traverses were affected by the posi­
tion of the stuffing boxes with respect to the pipe wall. Mean 
velocities computed from these traverses approximate the velocities 
calculated from net pipe areas after deducting for areas occupied by 
the tubes;
- Tests indicate that velocities determined from the 
mean-head for upstream orifice and downstream orifice positions 
should be corrected for half the area occupied by the tube;
- Positions of mean velocity were found to average
0.78 of the radius from the centre of the pipe ( ~ = O.78). Average 
differences between velocities at 0.707 R (theoretical position of 
the mean velocity if the velocity curve is a parabola) and mean 
velocities were +3 per cent for upstream orifice traverses and +1 
per cent for mean-head velocity curves;
- Static-pressure connections made by drilling holes 
through the pipe walls were not reliable before the burrs were removed 
A bushing screwed in a tapped hole gave erroneous results. A static- 
pressure tube inserted in a tapped hole proved satisfactory for static 
pressure determinations. The investigation by Allen and Hooper (36) 
confirms this results.
Christiansen and French (35) tests for water flow in pipe 
indicate that measurements within one per cent of the true discharge 
are possible if the transverse pitot tubes are used properly.
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Doig and Rose (12) recently carried out a series of tests 
using transverse tubes across a 2 .75 inch diameter conduit bounding 
a fully-developed turbulent air stream. Tubes ranging from 0.0117 
and 0.137 conduit diameters were investigated and corrections to 
accommodate the total head hole diameter and local fluid velocity 
gradient were provided. Thus tranverse pitot tubes may be used as 
velocity probes where fluid is flowing in straight runs of cylindrical 
conduit, provided that:
- They are not used as probes where the distance of the 
total head hole from the wall is less than one-tenth of the traverse 
tube diameter;
- The total head hole to transverse tube diameter ratio 
is less than 0.25 according to Coxon (37);
- Care is taken to ensure that Pitot hole faces directly
upstream;
- The static reference tap should be located in the conduit 
wall at least 25 transverse cylinder diameters upstream of the transver­
se cylinder axis, and the measured pitot-static pressure differentials 
corrected in accordance with the axial pressure difference that exists 
between the reference wall tapping and the total head hole position 
when the traverse tube is removed. Variations of upstream piezometer 
wall tapping pressures should be separately investigated where 
accurate measurements are required.
Transverse tubular probes are more convenient than the 
conventional axially directed cantilevered pitots, they can be made 
very small in diameter and tensioned for extra stability, the pitot 
hole can be reliably set and maintained at a definite position, even 
under bombardment from several entrained particles, and the probe is
8 l .
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easily inserted and withdrawn through a hole in the conduit wall 
no larger than the probe; this is of considerable advantage in dusty 
situations where frequent withdrawal and cleaning are desirable.
3.3.3. THE REVERSIBLE PITOMETER:
A design of combined-reversed pitot tube is illustrated 
in Fig. 3.13. In this tube, the static is a reversed duplicate of the 
impact tube, it is also known as the Cole pitometer.
The static-head tube having orifice pointing downstream 
gives a slightly greater differential head readings than the 
conventional pitot tube. The instrument coefficient of a tube of this 
design will be lower (about 0.86 according to A.S.M.E. Fluid Meters 
Report (5)) than for the regular pitot-static tube or the impact-side 
wall tap combination. The reading of the downstream tube is considera­
bly below the level of static head and in most cases, the coefficient 
is determined experimentally.
The advantage of the reversed type of pitot tube is, as 
mentioned earlier, the increased differential pressures, and the 
two orifices are calibrated together.
3.1. THE PITOT TUBE AND TRAVERSE
In order to obtain the average velocity of flow using the 
pitot tube, measurements must be made at various points throughout the 
flow cross-section. This survey across the flow passage may be 
accomplished by one of two basic methods or by a combination of
these:
(i) Continuous traverse with a single meter, simultaneous, 
continuous recording of fluid velocity versus traverse distance, and 
subsequent integration of the record, with appropriate weighting;
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(ii) Recording of the simultaneous readings of a number of 
meters placed at fixed locations across the flow passage and subsequent 
summation of the readings, with appropriate weighting.
The continuous-traverse method has the advantages' that only 
one or a few accurately calibrated meters are needed, that velocity is 
determined at every point in the traverse path, and that minimum 
disturbance of the stream is produced by the presence of the meter 
or meters. It has the disadvantages that the survey takes considerable 
time, that fluid velocities throughout the channel cross-section 
must remain substantially constant during the survey, and that rather 
complex equipment may be needed to effect the traverse and to record 
the meter readings continuously.
In order to check constancy of all local velocities during 
the survey, a second meter should be used as a reference in some 
suitable fixed location in the stream. This second meter should 
preferably be of the same type and should be of the same sensitivity 
as that used for the traverse; however, it needs not be of equally 
high accuracy. The readings of the reference meter should be recorded 
continuously while the traverse is being made. If the reference meter 
shows no change as large as the acceptable inaccuracy of the survey, 
the criterion of time-invariant velocities has been met. If the refe­
rence meter shows slight changes during the course of the survey, 
the recorded readings of the traversing meter should be corrected in 
the same proportion as the simultaneous velocity change shown by the 
reference meter.
The speed of the traverse must be slow enough so that 
negligible error is introduced by the lag in response to the velocity
meter.
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In a circular duct surveyed with a pitot tube,a polar- 
coordinate grid is used. Traverse should be made along several 
equally—spaced radii all lying in the same plane. A minimum of four 
radii, 90 degrees apart is recommended by most texts. The reference 
pitot tube may conveniently be placed on the centre line of the duct, 
sufficiently far from the plane of the traverse so that there is no 
hydrodynamic interference with the traversing probe; or else the 
reference pitot tube may be placed about 0.7 R from the duct centre, 
midway in azimuth between adjacent radii of traverse and nearer to 
the plane of traverse.
If is the average of readings, all at radius r, on
each of the lines of traverse, then bulk velocity is given by:
V = 2 TX I r( u + A m ) drJ v avg ^  7
0
where A u  is the correction for the meter at reading u .avg
The second method or the fixed-array method has the 
advantages that the entire measurement can be made quickly, because 
simultaneous measurements are made at all measuring points of the 
flow passage cross-section, and that elaborate mechanical traversing 
apparatus is not necessary. It has the disadvantages that many 
accurately calibrated meters are required in order to obtain good 
averaging and that the simultaneous presence of these meters may 
appreciably disturb the velocity distribution of the stream being 
studied.
To retain the advantage of simultaneity, the meters should 
be of the remote-reading (telemetering) type and the signals transmitted 
to a multi-channel recorder.
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3.U.I. TANGENTIAL RULE:
This is also referred to by the A.S.M.E. Fluid Meters 
Report (5) as the method of centroid of equal areas. The cross-section 
of the pipe is divided into concentric rings of equal area, the 
innermost being a circle; velocity readings are taken at positions on 
concentric circles which bisect each ring into equal area. The arith­
metic mean of these velocities is assumed to be the mean velocity 
of the flux through the cross-section.
Positions for four-point tangential rule traverse (l ring, 
1 circle of equal area) are shown in Fig. 3.1̂ - and are obtained as 
follows :
The two bisecting circles divide the whole cross-section 
2
into four equal areas of T(D /l6.
For four-point tangential rule, the locations of the 
four gauging positions are summarized in Table 3.2.
Table 3.2. Locations of U gauging stations 
according to tangential rule, 
y : distance from pipe wall.





For a number of gauging stations greater than H, the 











0.032 0.105 O.19U 0.323
8
0.677 O.8O6 0.895 0.968
0.026 0.082 0.li|6 0.226 0.3^2
10
0.658 0.771* O.85U 0.918 0.97^
The ratio r/R can he obtained from y/D as follows :
y = R - r
y _ R - r
D 2R
= ̂  ( i - f )
or r _ _ 2y
R D (3.58)
The values listed in Tables 3.2 and 3.3 correspond with 
the A.S.M.E. Fluid Meters Report (5) Table in which n = 2,3,^,5 where 
n is the number of gauging stations along the radius of the pipe. The 
corresponding weights for these points as listed in the table (Appen­
dix C) are 1/3» 1 A ,  1/5 for n = 2, 3, 5 respectively.
3.^.2. GAUSS-SHERW00D METHOD:
The most accurate of the amiable quadrature formulae 
are the ones suggested by Gauss which were adapted by Sherwood (2^) 
for the integration of pipe-flow velocity distributions.
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An approximation to the velocity profile is found using 
fifth or seventh degree polynomials, depending on whether 3 or U 
gauging points are chosen per diameter.




Q = f u a( |  )2 (3.59)
-v
The numerical result is obtained by a graphical integra­
tion, employing a plot of velocity u. versus (r/R) . An alternative 
procedure is to measure the velocity at ten points representing 
half-rings of equal area, as suggested by Perry (23), in which case 
the average velocity is one-tenth of the sum of the ten measured 
velocities. The readings are taken at values of (r/R) of 0.1, 0.3,
0.5 , 0 .7 and 0.9, which correspond to positions across a diameter 
of 2 .6 , 8 .2 , lU.6 , 22 .6 , 3^.2 , 65 .8 , 77.U, 85.U, 91.8 and 97 .̂  per cent 
of the distance from one wall to the other (i.e. ^  x 100). This 
procedure involving a ten-point traverse is still widely followed in 
practice.
Although various procedures may be followed in carrying 
out the necessary integration, Gauss's method of numerical integration 
would seem particularly suitable for the problem at hand.
The method provides a mean of obtaining the average value 
of a function f(y) over a definite interval of x by noting values of 
y at n values of x, multiplying each value of y by a pre-determined 




function. The values of x used are predetermined and depend only on 
the number n of points to be used. The method is exact if the function 
can be represented by a polynomial of the degree (2n-l).
As an illustration, suppose the function is a polynomial of 
the fifth degree. In order to obtain the exact integral, it is 
necessary to obtain the values of y at three values of x (2n-l=5 , n=3) 
in the interval from x=a to x=b. Following the rule given by Gauss, 




where z is a new variable defined so that:
z =-l at x = a 
and z = +1 at x = b
The observed values of y at these values of x (or z) 
are multiplied by 5/l8, k/9 and 5/18 (weights) respectively, and 
the sum of the products represents the average value of y over the 
interval a, b. The integral is (b-a) times this average value.
For n = 3, values of z given in Table from Ralston (38)
are:
z = -0.77^597 ( )
z = 0.
z = +0.7T*t597 ( + ] / f  )
Relation between z and x is expressed by Ralston (38) as
z = —  ( 2x - a - b )b - a
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or x = h (b ^ a)z + a + b 
,+l
f(x) dx = a- \ g(z) dz
a
The corresponding weights given in Table by Ralston (38) 
are 5/95 8/9 and 5/9. Hence the observed values of y at these values 










The integral is; (b - a) x average value.
In general, for n points, the values of y^, y^, .»., yn 
are determined at z^, z^j ...,zn and multiplied by constant K^, K^? ...
K .n






Thus for n = 3 the integral is calculated as in equation 
(3.60) with K = 5/18, K2 = k/9 and K3 = 5/18 and y1? y2, y3 are 
observed values at z^ = - = 0 and z3 = + , respectively.
For n = U, values of z and the corresponding weights are
listed as follows:
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^ = -0.861136 w = 0 .-31*7855
¡2 = -0.339981 w = 0.65211*5
3 = +0.339981 w = 0.65211*5









The integral = (h - a l l ^ + ^ + K ^ + K ^ )
The application of the Gauss’s method to a pitot tube tra­
verse is quite simple, as the problem is simply the evaluation of the
2 2average value of u,on a plot of u. versus (r/R) . The variable (r/R) 
does not have to be changed, as the limits are already +1 and -1. If 
the 3-point method is used, the velocity U. is measured at (r/R) =- 
and + \ j , and at the centre of the duct. These values correspond to 
the centre and two points at a radius of 0.880 R. The velocity at the 
centre is multiplied by b/9 and the other two observed velocities are 
multiplied by 5/l8. The sum of the three products is the average 
velocity through the duct.
If four points are used, the readings are taken two at 
0.928 R, and two at 0.583 R. The two nearest the wall are multiplied 
by 0.1739 3, and the two nearest the centre are multiplied by 0.32607* 
The sum of the four products is the average velocity in the duct.
By Gauss’s rule, the three-point method is exact if the 
velocity function can be fitted by a fifth-degree polynomial, and the 
four-point method is exact for a seventh-degree function. The accuracy 
of a three or four-point pitot traverse carried out as suggested will 
obviously depend entirely on how nearly the relation between u. and
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(— ) can be fitted by a fifth or a seventh-degree equation. It seems 
reasonable to expect, however, that for most flow conditions the 
velocity relation would be a sufficiently simple function so that these 
procedures might be used to advantage.
The A.S.M.E. Fluid Meters Report (5) lists a slightly 
different values of gauging points in a Table as shown in Appendix C.
For n = 2 along the radius of the pipe, gauging positions 




Values determined by other methods of integration are 
also listed, namely the Newton-Cotes rule and the Chebyshef rule.
n = 2 Newton-Cotes Chebyshef
r/R w r/R w
0 k 0.U597 k
1 k 0.8881 k
quadrature.
,b
Recall the problem of evaluating ^ f(x) dx by the Gaussian 
The change of variables can be made as follows:
or
y b - a (2x - a - b)
x = k (b - a)y + a + b
Along a distance r from centre line of duct with unit





f(x) dx = ,a~ 1 g(y) dy
a
x = k ( y + 1 )
From Gauss's table given by Kopal (39) shown in Appendix D: 
n = 2
. +Abcissae = - 0.5773 
Weights = 1.
r
(^)2 '■R ' X1 = 35(1 - 0.5773) = 0.2113
r





as given by A.S.M.E. Table
Uavg = 54 (U1 + U2]
Kopal (39) defines Chebyshef (Tchebysheff by some text)
quadrature formula as follows:
+i n




and from his table: for n = 2
“al = a2 =
Weight H = ^  = 1
As seen in Gauss’s formula: 




The Newton-Cotes quadrature formula is defined by Kopal (39)
,+1 n
1 f(x) dx = 2 __E. f(a^)
-r j=0
where the abcissae a. = - 1 + 2(■“-)J n
a1 = -1 + 2 ( h ) = 0
a2 = -1 + 2 (1) = 1
for n = 2 :
+1
- 1
f(x) dx = f(-l) + f(+l)
which constitutes the well-known ” trapezoidal rule " of elementary 
calculus.
Among the 3 quadrature formulae applied to averaging, 
Gaussfs method yields the smallest probable error of the mean and is 
generally the most accurate.
3.U.3. THE LOG-LINEAR RULE :
It is considered that the regular methods of numerical 
integration have proved unsuitable or impractical, due to the steep 
gradient in the velocity distribution near the pipe wall. More 
appropriate fitting functions must therefore be used, if the accuracy 
required and the desired simplicity are to be obtained.
Fully-developed flow in rough and smooth pipes may be 
approximated by an equation of the form:
^  = A + B log (— y — ) (3.61)
where a  : point velocity;
friction velocity;
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y : distance from the pipe wall;
: kinematic wall shear stress;
)F : kinematic viscosity;
A, B: numerical coefficients.
Although accurate only to within a distance of about 
0.075 D from the wall, the deviations oceuring in the outer region of 
the flow are so small that equation (3.6l) is often taken to represent 
the turbulent velocity profile in the pipe.
For a given velocity distribution, equation (3.6l) can 
be written as:
U. = A* + B* log (y/D) (3.62)
where A*, B* have the dimension of velocity.
The velocity distribution of not-fully-developed flow can 
be described by:
U. = A* + B* log (y/D) + C* (y/D) (3.63)
where C* has dimension of velocity.
The basis for the integration rules is the selection of 
metering positions in each annulus such that the exact mean velocity 
for a particular cross-section would occur at the selected gauging 
points, provided the chosen logarithmic functions are an adequate 
representation of the considered pipe-flow velocity profiles. The 
mean velocity of the flow through the cross-section is to be obtained 
as the arithmetic mean of the individual measurements.
The calculation of log-linear gauging positions differs 
for for an even and for an odd number of traverse positions per radius. 
In the case of even number, the cross-section is divided into 
concentric rings of equal area, the innermost being a circle, with
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two positions specified for each ring. For an odd number of positions, 
the outermost ring has half the area of the others; in this ring, only 
one point is specified, and the log-linear law in equation (3 .63) is 
replaced by the log law equation (3 .62).
For 2n gauging positions per radius, or kn positions per 
diameter, division of the cross-section is into n equal-area rings.
In each ring, two positions have to be selected such that the mean of 
the velocities obtained form these two positions is exactly equal to 
the mean in the ring when the velocity distribution is of the form:
for any A*, B*, and C*. Hence exact mean values will also result for 
log (2y/D) and (2y/D). ,
(2y/D) respectively in the m-th ring from the wall, the two gauging 
positions should be such that:
(i) Even number of gauging positions per radius:
IL A* + B* log (y/D) + C* (y/D) (3.6*0
If logb >and a are the mean values of log (2y/D) and m m
h log (2yml/D) + log (2ym2/D) I = log bm
and
where v and y  ̂are distances from the wall corresponding to the  ̂ml m2
first and second gauging positions in the m-th ring.
Re-arranging the two equations above :




Therefore at the two positions ;
(2y/D) 2 - 2 am (2y/D) + b2 = 0
This is a quadratic equation which has roots as follows:
and
yml/D = 1̂ [am -
ym2/D = ?s [am + \l(\  ~ b5 ]
Using these equations, the positions can he calculated
for known values of b and a .m m
The final results are:
and
log bm (1 - t ) log ( 1 - t ) + h log €. (l-t ) ( 3+t )
- m  + J. n «
_ . 12 2a = 1 - n —  t tm 3 ]





Thus for four gauging positions per diameter: 
2 per radius or 2 n = 2
n = 1 
m-th ring m=l
Applying equations (3.65) and (3.66):
m ^1 - -  = 0 n
m l  - 1 - —  + -  = 1  n n
*. ■ 1 - 1 [ i  *2 *]
am 1 ~ 3 1
1a - —m 3
|l x ]/l - o|
0
98.




b = 0.2231 m
ml , 2 _
D
vT 2 72a + \/a - bm V m m
yml
D = 0.0U28 0.01+3
J.m2
D = 0.2905 ^  0.290
Thus the four positions along the diameter are: 
0.0̂ 3 0.290 0 .7 1 0 0.957
(3.67)
(ii) Odd number of gauging positions per radius :
For 2n-l gauging positions per radius, or tai-2 per diameter, 
the outermost ring has only half the area of the others. The single 
position of this ring should give the exact mean for the log formula:
TTDV
2 / ^ -1
log(2yi/D) = log(2y/D) d [| (D-2y)2J
where y is the distance from the wall of the first position. Therefore 
log(2y1/D) is given by a formula similar to that for log bffi in equation 
(3.65).
For the measuring positions in the inner rings, the 
procedure is similar to that outlined for an even number of points.
The gauging positions per diameter from 1+ to 10 are listed 
in table by Winternitz (25). For 10 stations, the values are.
0 .0 19 0.076 0.153 0.217 0.361


















( a )  V E L O C IT Y  D IS T R IB U T IO N S
D IS T R IB U T IO N
1 2 3
CENTROID OF EQUAL AREAS - 0 . 2 6 + 1 . 1 6 + 0 .7 7
NEWTON-COTES - 0 . 0 0 5
oC\Jo1 - 0 . 0 8
CHEBYSHEF - 0 . 0 0 7 + 0 . 0 2 + 0 . 0 1
GAUSS - 0 . 0 0 2 - 0 . 0 0 1 - 0 . 0 0 2
( L )  E R R O R ,It,  IN  U -P O IN T  APPROXIM ATION .
F i g . 3 . 1 5 : E r r o r  i n  7 - P o i n t  A v e r a g i n g  o f  Some A r b i t r a r y  
A x i a l l y - S y m m e t r i c  V e l o c i t y  D i s t r i b u t i o n s .
100.
which correspond to the values recommended for log-linear traverse 
by the British Standard (2) for pitot-tube traverse.
3.U.U THE A.S.M.E. STANDARD:
The A.S.M.E. Fluid Meters Report (5) lists all methods 
for defining location of measuring stations and corresponding weights 
in continuous traverses for two basic channel types: linear and circu­
lar. Appendix C shows these values in a table for each separate 
method and for a number of gauging points along the radius of the chan­
nel in a circular duct. The table lists the values of n, x, r and w 
for the four distributions: centroid of equal area, Newton-Cotes, 
Chebyshef and Gauss, where n is the number of measuring stations, 
x and r are the respective locations for linear and circular averaging, 
and w is the weight assigned to the measurement at that location. For 
value of n other than those listed in the table, the interval is divided 
into smaller sub-divisions, so that each sub-division can be treated 
by direct application of the table.
The relative effectiveness of the various distributions is 
suggested in Fig. 3.15 which tabulates the error in making four-point 
approximations to the arbitrarily drawn, axially-symmetric linear 
velocity profiles shown. The error is expressed as per cent of the 
true bulk velocity for the respective curve.
From Fig. 3.15, it can be seen that Gauss’s method is 
generally the most accurate of the four.
101 .
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3.5. THE AmULAE-AVERAGIHG FLOW SENSOR - THE ANNUBAR
As seen in the previous section, various traversing 
techniques of the pitot tube with reduced number of points, though 
giving reliable results, still are elaborate and time-consuming.
The Annubar flow sensor, a modified meter employing the basic 
priciple of annular averaging by which the positions are mathematically 
determined, will be investigated here.
3.5.1. BASIC CONSTRUCTION:
Fig. 3.16 shows the diagrammatic sketch of the Annubar 
and its basic working principle.
A number of holes can be seen located in the upstream 
element at the average velocity point of the same number of equal 
areas or annuli and the pressures sensed at these areas are averaged 
by an internal tube. Thus the upstream element represents the 
averaged impact pressure. This corporates the principles of transverse 
pitot tube, traversing techniques and fixed-array method as mentioned 
in the earlier section.
The downstream element represents the average static 
pressure of the flow so that differential height on a manometer 
connected to the inner tube of the upstream element and the downstream 
element represents the average pressure head at the measuring section.
The average pressure difference, therefore, can be
written as:
avg C x ^ ^V'
2
avg (3.68)
where C is proportionality constant being subject to calibration.
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3.5.2. GEOMETRY OF FLOW SENSOR:
3.5»2.1. Positions of ports:
The positions of the ports depend on the number of ports 
along the tube in the upstream element.
These positions are expressed in terms of ratio r/R where 
r is the distance from the pipe axis with radius R, or ratio y/D where 
y is the distance from the pipe wall and D being the pipe inside 
diameter as shown in Fig. 3.17*
Thus y = R - r
y_ - F - r
D ~ 2R
°r *  - % (1 - '§ ) (3.69)
The 1+ ports along the upstream element are chosen 
according to A.S.M.E. Chebyshef method of averaging, therefore:
r
—— = 0.8881 Weight = 0.25R
r?~  = 0.1+597 Weight = 0.25R
r
—  = -0.1+597 Weight = 0.25 R
—  = -0.8881 Weight = 0.25
Ports 3,1+ are symmetrical about the pipe axis to ports 2, 1. 
Thus from the wall ( 04 J 4 1 ):
Yn h
= 1 - 0.8881 = 0.1119R
y2,3 =
R 1 - 0.1+597 0.5HO3
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Locations of k ports given by the other methods and by 
the above method are summarised in Table 3 .4. below.
Table- 3.4
Locations of U ports by different 
methods.
^ ^ ^ ^ D I M E N S I O N L E S S  RATIO 
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Comparison of the four methods with H-point traverse 
or U ports on upstream element of flow sensor can be seen as follows:
Assume a l/7-th power law turbulent flow in smooth pipe:
u _ Ij, 1/7
u K Wmax







Table 3.5 shows comparison of the ratio of the average 
velocity being measured by the Annubar to the theoretical mean 
velocity in the pipe bounding a 1/7-th power law turbulent flow.
Table 3.5
Comparison of velocity ratio, l/n-Vk p<?wer taw
V. : average velocity measured by Annubar 
= h (u^Ug+u^u^)
Vj_: theoretical mean velocity from 
1/7-th power law 
= 98——  u
120 max






Now assume a turbulent flow profile in rough pipe, the 
Prandtlfs semi-emperical analysis gives a universal velocity 
distribution law which can be expressed as:
u - u tjmax or-. R
— = 2'5 ln F (3.70)
The mean velocity is given as:
- 3.75 V,u = umean max (3.71)






1 + 1.33 \/f
Assume friction factor f = 0.02
umax
umean
1 + 1.33 \Jf = 1.1891
(3.72)
or umean
umax = 0.8^17 (3.73)
From (3.70)
u - umax  ̂r- 1 R \
= 2 ' 5 ln (r_T T )V *
umax
umean = 2-5 / |mean
u
u = -2-5 \ Z l  ln (F T T }
umax
umean mean
u - = 1.1891 - 0.125 In (R ^ r)umean (3.Tit)
Table 3.6 shows comparison of the ratio of the average 
velocity being measured by the Annubar to the theoretical mean velocity 
in the pipe bounding a universal log law.
Table 3.6
Comparison of velocity ratio, 
assuming universal log law.






From tables 3.5 and 3.6, it is observed that the A.S.M.E. 
Chebyshef rule gives a closer approximation to the theoretical mean 
velocity of 1/n-power law while the log-linear rule gives closer 
approximation to universal log law.
3.5*2.2. The upstream element:
The Annubar measures the average flow by spanning the 
diameter of the duct, thus reducing the total cross-sectional area of 
the flow. The true flow must therefore be corrected due to its 
presence, hence dimension of the upstream element becomes significant.
As seen, the upstream element is a transverse tube which 
has 1* ports along it an an interpolating tube inside it. The 
interpolating tube has its opening at the centre line of flow or the 
pipe axis, it picks up the average of the pressures sensed at the 
U ports.
For pipe with inside diameter of 6 inches used in this 
experiment, the upstream tube has the following dimensions:
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- diameter of upstream tube d = -g* in 
1  _ 5
D 16x6 = 0 .0 5 2 1
diameter of ports S in
'• a = °-5
- Projected area occupied by upstream element:
Denote: a^: the projected area of the upstream element 
on the cross-section of the pipe.
A : cross-sectional area of the duct.






( 6 )' = 0.0663 (3.T5)
The the ratio of the reduced area A^ to the original
area is:
A = 0.9337 (3.76)
or 4  = 1 .0 1 71
For constant flow rate: A^VR = AY
VR = 4 v
VR = 1 .0 71 V (3.77)
3.$.2.3. The downstream element:
The downstream element of the flow sensor i s a pitot tube 
with its orifice facing downstream and measures downstream or static
pressure.
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A study of static pressure in a turbulent stream by 
Goldstein (40) states that a total head tube in a turbulent stream 
measures :
?  + h  ÇV2 + 3g ^V ’ 2
where P is the true mean static pressure, V is the resultant mean velo­
city and V f is the resultant turbulent velocity.
According to the vorticity-transport theory by Taylor (41)
—  2 . .P + \ (DV» is nearly constant across a section of a wake behind a
cylinder. This is further supported by Fage (42,1+3) with traverses 
made with static-pres sure tubes in the wake at 15 and 30 diameters 
behind the cylinder which indicate that a state of fully-developed 
turbulence is reached at 30 diameters. At the centre of this section of 
the wake, values of u , v and w were obtained by the hot-spot 
method developed by Townewsi. (1+4) and a value of P was obtained from 
the relation:
"  ^
where S : static pressure recorded; 
and u, v, w : component of turbulent velocity.
—  —  2 .The sum of the values of P and ^ (^V1 is equal to the
pressure just outside the wake and it is concluded •from this result
—  —  2 —  — 2from the nature of distributions of P and , that P + ^
is constant across the wake.
_ _2 —2
P = S - 0.25 p ( v + w )
All these studies confirm that P + \ Ç V ’2 is constant 
across the wake. According to Goldstein U ° )  this value is equal to 
the measured value of the pressure at the edge of the wake, where V ’ 
is practically zero. Hence, by simply taking the pressure constant and
Ill,
equal to the measured value at the edge of the wake, the correct mean 
velocity is obtained.
3.5.3. THE MEASUREMENT OF AVERAGE VELOCITY BY THE FLOW SENSOR - 
A THEORETICAL DEVELOPMENT
As seen from the principle of annular averaging:
u = w-U- + w0u0 avg 1 1  2 2








+ w3u3 + w ^  
= 0.25
Corrected value of flow rate for tube area can be 
written, from equation (3.77) 5 as:
Q = A VR
where Q is the true flow rate.
Q = 1.071 A V (3.78)
The difference between the fluid stagnation pressure, 
measured by the orifices in the leading edge of the upstream element 
and the fluid static pressure indicated by the downstream element, is 
the measured pitot-static pressure difference,/^. This, according 
to Doig (12), is considered to be a function of the eight variables
shown below:
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•4P = <>, d, D, y, %) (3.79)
where y* ¡frictional velocity;
y : distance from the wall;
S : diameter of port.
Dimensional analysis and rationalisation produce the
following convenient set of dimensionless groups:
2( AP) 
0 2 • = P0 = f2(u+
+ s
’ y ’ y '
£ dx
* d 9 D; (3.80)<3U
where +u = u/7*
and +y = y <̂ y*/̂ -
The pressure differential,A P, is the average fluid 
kinetic head over the area of the total head pressure tappings. If 
the diameter,^, of these total head tappings was sufficiently small, 
the measured pressure difference,AP, would he the average kinetic 
head of the fluid at the centre of the total head tappings,AP^,. In 
practice, the centres of the total head holes were positioned at 
distances y from the conduit wall, and the average pitot-static 
pressure difference AP, obtained from the measurements.
To permit the use of the Bernoulli relationship:
A P Q = ^u2/2 (3 .8l)
The ratio, AP^/AP, must he available.
It is considered that the diameter of a total head hole 
relative to the transverse tube diameter is sufficiently small for 
the radial distribution of pressure (relative to the transverse tube 
axis) over the total head hole, to be estimated from potential flow 
theory, and the lateral distribution of kinetic pressure in planes
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parallel to the axes of the transverse tube and total head hole, to he 
estimated by assuming a constant value for the fluid axial velocity 
gradient ( 'bu/ ̂ y) across the total head hole.y
If this velocity gradient can he neglected, Doig (12) gives:
A P  = i - (I)2AP (3.82)C
In case of the flow sensor used in the experiments here: 
>̂ = 3|- in 
a - in
.* E  = o 5d u°
AjP 
A  P, = 0.75
AP = 0.75 C (3,83)
From (3.78):
Q = 1.071 A \f 2g h¥ avg
Q = 1.071 A \/2g \fh ’avg
From (3#83):
Q = 1.0 71 r  d2 v/2g 1/0T75 V(h )k v' avg n
Q = 0.9275 r >/2g D2 \JTh ) (3.8U)^ k avg n
where (h ) is the differential pressure being measured from the avg n
high and low pressure legs of the Annubar flow sensor.
Christiansen & French (35) carried out a series of 
traverses with different sizes of transverse tubes on different sizes 
of pipes and found that the velocity traverses with the upstream- 
orifice tubes are almost identical but with the downstream-orifice tubes,
Ilk.
the traverse curves are quite different, the minimum velocity being 
at the centre and the maximum near the pipe -walls. Thus for the mean- 
head curve showing pressure difference between upstream and downstream 
orifices, the velocities as compared to those of reference meter were 
corrected for half the tube areas.
Applying this results to the flow sensor, equation (3.8U) 
can be re-written, with the new half-area correction factor:
Q = 1.031(3 A /2g \f/f3 \Z(havg)n
Q = 0.8957 A \JTg \ A T ~ 7 (3.85)
If the velocity distribution is assumed to be l/T-th 
power law, then from table 3.5-
|r = 1.0085 
t
The theoretical mean flow rate becomes:
= 0.8251 A
Q 1.0085 V S V U avg;n
Q = 0.8882 A ]Ì2g V(h )^ v , avg n (3.86)
If the velocity distribution is assumed to be universal 
log law, then from table 3.6:
V = 1.0137
t
The theoretical flow rate becomes:
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3.5.U. MÄMJFACTURER1S EQUATION FOR ANMJBAR FLOW SENSOR
The manufacturer of the Annuhar, Ellison Instrument 
Division, Dieterich Standard Corp (i+S”), supplies equations for the 
Annuhar flow sensor as follows :
- Standard plant equation, liquid volume flow rate:




- Precise theoretical equation, liquid volume flow rate:
\FfQ = S I D" F F F — r- \fh n a m p G^ \ n (3.89)
The symbols in the above equations are listed in Spink (U©) 
and have the following definitions:
D : Inside diameter of pipe in inches;
F : Expansion-contraction factor for inside area of pipe 81
at flowing temperature to that at 68°F,
F =1.00 between 31 and 106°F on steel pipe; a
F : Manometer correction factor. The value to correct m
for density and displacement of a fluid column in
the measuring instrument, e.g. manometer. If the
instrument is a diaphragm or weight-displacement
type, F =1.00; m
F : Correction for compressibility of flowing liquid,
P
when negligible F = 1 .00;
Jr
Ĝ . : Specific gravity of liquid at flowing temperature 
as compared to water at 60 F, which is 1 .00;
G^ : Specific gravity of liquid at 60°F, as compared to 






Differential pressure output of Annubar element in 
convenient units, see Table 3.7;
Group constant including /2g, , and conversion
constants which depend on units chosen for Q_̂  and 
h , see Table 3.7;
Volumetric flow rate in convenient units, see 
Table 3.7;
Discharge coefficient for Annubar flow sensor,
S = F x Kv g
where F^ : velocity distribution factor,
F =0.82 for turbulent flow, v
and Kg = geometrical constant
For element type 7^ 5 pipe size ID = 6 in
K = 0.878g
S = 0.82 x 0.878 = 0.72
Table 3.7
Factor N values for various Q^, h^ units
' Q
h^ - differential pressure, dry calibration
n in of H^O in of Hg Kg/cm P.S.I.
GPM 5.667 20.88 112.5 29.8*+
GPH 3*10.0 1252.0 6750. 1790.
CFM 0.7576 2.791 1 5.0*1 3.990
CFH h5 .k6 167.5 902.5 239.*+
LPM 2 1. 1*5 79.02 U25.8 113.0
GPM : gallons per minute, GPH : gallons per hour 
CFM : cubic feet per minute, CFÏÏ : cubic feet per hour 
LPM : litres per minute.
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For water flowing in pipe at 6o°F
= Gx = 1 .0
If GL is in GFM and h is in inch Hg, N can he calculated n n 05
as follows:
Therefore:
Q = A V n
= ^  D2 S \/2gh x Cc
where C : conversion constants which consist of: c
2 2 2 1 2 D : inch to ft : ft
(2 x 32.2 x 3600 ^7-  Y*
\|5T ■ (1.13 ft H20)^
H = A jj- \J 2 x 32.2 x 3600 x ̂  x \fl.l3 
N = 2.791 as seen in Table 3.7.
In case of the experiments in this project, the manometer 
fluid for the U-tube manometer is tetrabromo-ethane (Br^C^H^) and 
if the flow rate is calculated at a convenient unit, LPM, thus:
Q = A V
= S D2 ^  |/2i Cc \fh
where C consists of: c
D2 : in2 to dm2 : (.25*0 2 dm2
_ 2 V
\[2g : (2 x 9.807 m/sec ) 2 to
2 ^
(2 x 9.807 x 10 x 3600 dm/min ) 2 
\fĥ  : (mm Br^C^Hg) 2 to
(2.96U - l) x 10 2 dm H^O
Il8.
N = | x  (.25J+)2 (2 x 9.807 x 10 x 3600)^ (1 .96^ x 10 2)^ 
N = 5.97
For pipe ID = 6 in
S = 0.72
Q = 0.72 X 5.97 X (6 )2 fiT
Q = 15^.8 v/T C3.90)
where Q is in LPM and h is in irnn-Br,C~H~.n 4 2 2
The manufacturer’s quick-size charts for water flow, 
hoth in imperial unit and metric unit, are the plots of the equation 
(3.88) with appropriate units.
Also by the manufacturer, it is stated that the unrecovered 
loss in percentage of ̂ P is 3% for pipe size of 6 in ID and type 7̂- 
Annubar. This is seen as the correction factor for half the projected 
area of the tube: as employed by Christiansen and French (35) in equation
(3.85)





p = 1.03 x 0.75 A?n
IIG?0 {7T5 V 0 3 x &Pn
Q = K xn g n
K =g .75 x 1.03
= O.878, as given by
the manufacturer for geometrical constant in flow rate equation (3 .88)
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The geometrical constant, K , calculated by the half-area ' ë
correction factor is O .8 7 8 as given by the manufacturer as compared to 
0.8975 in Equation(3.8 5). The discrepancy caused here is in the half­
area corection factor, in equation (3 .8 5) the velocity is corrected 
for half the projected area of the tube while in the manufacturer’s 
data, the pressure differenceAP is corrected for half-area of the 
tube.
If a universal log law is assumed for the velocity 
distribution with friction factor assumed to be f = 0.02, equation 
(3.72) gives:
f  = - J s s s a  = o.8i* it
V  U max
as compared to the velocity distribution factor for 
the 1/7-th power law:
F = 0.8167 v
The following chapter will describe all equipment and 
instruments used in the experiments. The methods and procedures for 
these experiments will follow. In a later chapter, all experimental 
results will be calculated by employing all theories and equations 
derived from this Chapter.
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EQUIPMENT AND INSTRUMENTS 
-o-
U.l. SYSTEM SET-UP
A Thompson Model BGH Centrifugal pump, driven "by 
speed motor mounted as a dynamometer, pumps water from the 
pipeline of 6 inch in diameter. A flow regulating valve is 
the return line. Fig. U.l shows system set-up and location 
stations.




Size 2^ - 3"
Pump No 11207
k.2.2. DYNAMOMETER & MOTOR
Electro dynamic 
Range 1500/500 RPM 
Power : 15 HP
Trunnion mounted fitted with tachometer
a variable 









Commercial steel pipe 
ID = 6 inches 
Thickness = \ inch 
Horizontal line
h.2.h. ORIFICE PLATE
BS 10U2 : Part I : 1 9 6 k 
D & D/2 tappings 
Square-edged
Throat diameter = 1.995 inch 
Stainless steel
U.2.5. ORIFICE PLATE MANOMETER
U-tule type, water on mercury 
Dohbie Brother 
No 21277
Unit : mm water-on-mercury 
Smallest division : 2 mm 
Maximum scale : 500 mm each leg
k.2.6. FLOW SENSOR (Fig* b.2 Annubar flow element)
k • 3 • Annular in pipe
Ellison Annular Flow Sensor ■
Dieterich Standard Corp.,
Boulder, Colorado, USA 
Type 7^5
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U.2.T. FLOW SENSOR DIFFERENTIAL METERS
U.2.7.1. U-tube manometer:
A.L. Franklin, Sydney 
Wo 213/5^
Unit : mm -water-on-tetrabromo-ethane
Smallest division : 2 mm
Maximum scale : U60 mm each leg
Manometer fluid : Tetrabromo-ethane (Br^C^H^)
Specific gravity : 2.96U
Formula weight : 3^5*7
Colourless liquid
Melting point : -1°C
Boiling point : 151°C
Solubility in 100 parts:
Water : insoluble 
Alcohol : oO 
Ether :
U.2.7.2. Differential pressure meter: (Fig U.U)
Eagle Eye Portable D.P. Meter 
Ellison Instrument 
Dieterich Standard Corp.
Boulder, Colorado, USA 
Model 77C 
Serial Wo 32838
Full range : 3.9^ in HgO (calibrated) 
Smallest division : 0.1 x 0.39^ in H^O 
Maximum scale : 3.9^ in H^O
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1 2 8 .
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B e n t  s e c t i o n  off t u b e  
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F I G .  b.6.  BS 10^-2 S T A T IC  TUBE
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F i g . 1 + . 7 : TH E P IT O T  C Y L IN D E R S .
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F i g ,  b . 9 ' P i t o t  c y l i n d e r  No 2
132
FLOffi
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F i g , b . 1 0 : O r i f i c e  P l a t e  C o n n e c t i o n .
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U.2.8. STATIC TUBE (Figs. U.5 & U.6)
BS 10^2 : Part 2A: 1973 
Tube diameter d = 5/l6 inch 
Copper tube
6 static holes of diameter 1 mm 
\ BSP fitting
1+.2.9. PITOT CYLINDERS (Figs. ^.7,^.8 and U.9)
2 copper pitot cylinders 
single port
Tube diameter d = 5/l6 inch 
Port diameter 5/32 inch 
\ SAE connections with "0" ring
k.3. DERIVATION OF ORIFICE PLATE EQUATION
The BS 10^2 orifice plate is used as a reference meter. 
Fig. U.10 shows the orifice plate and its connection.








Z2 *m " Z1
II
P2
Zl K + Z2 = P2 + Y + zm 1
P_ - P^ = Z ^ - z Y1 2 2 m 2 w
=
>oBCVI







= I.9I* slugs/ft^ 
= 26.1* slugs/ft^
P - P_i_2 = , ±9h ,
X  2 1 26.1* >’m
P - P 1 2
’m
= z (0.9265) in ft of mercury
: height of mercury column on manometer.
Clause 13h of BS 10̂ +2, Part 1, I96U (3) ̂ tVes the equation, 
for volumetric rate of flow through an orifice plate as follows:
where





C : Basic coefficient;
Z : Correction factor;
^  : Expansibility factor (for compressible fluids); 
E : Velocity-of-approach factor 






Orifice or throat diameter (inches);
Pressure difference (inches H^O) ;
Density of fluid at upstream tapping;
Reynolds number;
Viscosity of fluid at upstream tapping (poise);
m : 2 2Area ratio d /D .
Substitution of numerical values :
m = d2/D2 = ( )2 = 0.1106
From Fig. 38a BS 10*̂ 2 (3) : C = 0.5985
a/D = = 0.3325
From Appenaix J BS 10*+2 (3) : E = 1.00617 
For liquils: ^  = 1
A provisional value of the rate of flow is calculate! from 
Equation (U.l) with the correction factor Z taken to be unity. This 
provisional rate is use! in calculating the Reynolls number R^ from 
equation (U.2). The value of Z corresponling to the Reynolls number, 
pipe liameter an! area ratio is then obtaine! from the graph, i.e.
Fig. 38b of BS 10**2 (3).
The correcte! rate of flow is finally obtaine! by multiplying 
the provisional value by the correction factor Z.
For a range of h from 100 mm Hg to 1000 mm Hg :
.2 Clax
_ r „ -.2. f 1000 x (13.S5U3 - P.359.2 C ZfcE a \J 2 5.Uxl.93x32.ITU
= 2*122.8 ft /hr
. = 359.2 C Z 6 E a'un
2 A  100 X  (13.5*̂ 3 - 1)
4 25. *+xl.9 3x32.17*+
With
766.2 ft /hr
-2= 1.139 x 10  ̂poise
5R, = b x 10amax




and m = 0.1106
From Fig. 38h BS 10^2 (3) : Z = 1
The corrected rate of flow thus becomes :
Q = 359.2 x 0.5985 x 1.00617 x(l.995)2 (
Q = 0.108 ( h )** (It.3)
3
Q is in ft /hr 
h is in in Hg.
For metric units:
Q = 0.108 ( gj-jj-)35 x (12 x 2.5>t x 10-2)3
Q = 6.07 x 10_U ( h Y* (¡t.l*)
where
Q is in m^/sec 
h is in mm Hg
_L 3or Q,= 6.07 x 10 ( h ) x 60 x 10
Q,= 36.¡12 ( h, f t  (¡1.5)
where
Q^is in Litres per minute (LPM) 
ĥ  is in mm Hg.
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CHAPTER 5
E X P E R I M E N T A L  F R O C B D U R I
Tests were carried out at constant pump speed of 1500 RPM. 
For each test, the discharge is varied from maximum to minimum flow 
rates corresponding to the nominal total orifice plate manometer 
deflections of 1000, 900, 800, 700, 600, 500, U00, 300, 200 and 100mm 
water-on-mercury.
Readings of differential pressure across the Annubar flow 
sensor were recorded for each of those nominal orifice plate manometer 
deflections.
The following readings were also recorded to check constant 
flow conditions :
- Dynamometer load in lb;
- Suction pressure of pump in -kPa;
- Discharge pressure of pump in kPa;
- Main line pressure at 2,390 mm upstream of orifice plate 
in ft H20 ;
- Orifice plate deflection given by recorder in unit of 
reading x 1 .52  ̂m H^O.
The referenced flow rates, shown by nominal orifice plate 
manometer deflections, were controlled by a regulating valve at the 
end of the return line. At every reading, speed was re-adjusted to 
constant value, i.e. 1500 RPM. Time was also taken for stable flow 
condition to develop before recording.
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The following tests were carried out :
3.1 7 runs with the Annubar flow sensor being installed at its
specified position with four openings facing upstream, It is 
connected to a U-tube manometer which gives unit of deflections 
of mm water-on-Br^C^H^.
3.2 2 runs with the blocking of 
tube. Differential pressure
3 .3 2 runs with the blocking of 
tube, U-tube connection.
3 A  2 runs with the blocking of 
tube, U-tube connection.
3.3 2 runs with the blocking of 
tube, U-tube connection.
3.6 2 runs with the blocking of 
tube, U-tube connection.
3 .7 2 runs with the blocking of 
tube, U-tube connection.
3.8 2 runs with the blocking of 
tube, U-tube connection.
ports 1,2,3 on the Annubar upstream 
given by U-tube manometer.
ports 1,2,A on the Annubar upstream 
ports 1 , 3 on the Annubar upstream 
ports 2,39̂  on the Annubar upstream 
ports 3 9̂- on the Annubar upstream 
ports 1,2 on the Annubar upstream 
ports 1,3 on the Annubar upstream
3*9 1 run with the blocking of ports 1,^ on the Annubar upstream
tube, U-tube connection.
9.10 1 run with the blocking of ports 2,3 on the Annubar upstream 
tube, U-tube connection.
3 .1 1 1 run with the blocking of ports on the Annubar upstream
tube, U-tube connection.
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9.12 2 runs with the blocking of port U on the Annubar upstream tube, 
U-tube connection.
9.13 2 runs with the blocking of port 3 on the Annubar upstream tube, 
U-tube connection.
9.lU 5 runs with the Annubar flow sensor with four openings facing 
upstream. It is connected to the Eagle Eye Portable D.P. meter. 
Unit of deflection: in H^O x 0.39^*
9.19 10 runs with the copper pitot cylinder N2 1. This pitot cylinder 
has its port located at <k of pipe when spanning across the pipe 
diameter. It is installed in the position of the Annubar upstream 
tube and the pressure difference from the Annubar downstream tube 
is recorded by the Eagle Eye D.P. meter. It is free to move along 
the radius of the pipe.
9.16 1 traverse test of 21 points along the diameter of the pipe with 
the pitot cylinder N2 2. This pitot cylinder has its single port 
located at port-NS of the Annubar upstream tube (y/R = 0.1119) 
when spanning across the pipe diameter. The pressure difference 
from the Annubar downstream tube is recorded by the Eagle Eye 
D.P. meter. It is free to move along the diameter of the pipe.
5.IT 2 comparison tests on static pressures upstream of orifice plate 
station between static tube and wall pressure tapping (distance 
1.2 m) - one connected to U-tube manometer and the other to the 
Eagle Eye D.P. meter.
5.l8 1 comparison test on static pressure between the static tube 
upstream of the orifice plate and the downstream tube of the 
Annubar with the static tube at 3 different positions : tube at 
<fe. , r/R = 0.U597 and r/R = 0.8881 , U-tube connection.
5«19 1 comparison test on static pressure upstream of the Annubar 
station "between the BS10U2 static tube and the wall static 
pressure tapping, Eagle Eye D.P. meter connection.
5«20 1 comparison test on pressure differences as given by Annubar flow 
sensor, Annubar upstream tube versus wall static pressure tapping 
and wall static pressure tapping versus Annuhar downstream tube, 
Eagle Eye D.P. meter connection.
5.2 1 1 comparison test on pressure difference between static tube and 
Annubar downstream tube, Eagle Eye D.P. meter connection.
From tests 5*2 to 5*13, one to three ports on the upstream 
tube of the Annubar are blocked for different purposes. As seen in the 
analysis of the upstream element, the positions of these ports along 
the diameter are defined by a numerical quadrature where all have the 
same weight. From blocking individual or a group of these ports, the 
readings can be analysed and compared with those obtained under normal 
condition. These comparisons will verify the function of the inter­
polating tube in representing the average reading of total pressure 
across the diameter of the pipe.
Prior to the commencement of all tests, three sections of 
the pipeline were taken down for treatment. The three sections - one 
upstream, one downstream of the orifice plate and one containing the 
Annubar flow sensor measuring station - were re-galvanized (hot dip) 
to obtain smooth-walled effects. Before going back to the pipeline, 
the inside diameters of the pipe sections were measured according to 
Clause 21, BS10^2 Part 1 196*1 (3), as follows:
- Upstream section of orifice plate.
Values of ID on 3 planes at D/2
l i l i .
D^ = 15U mm (6.O6 in)
D^ = 15^ mm (6.06 in)
D^ = 15U mm (6.06 in)
D = I5U mm (6.06 in)
- Downstream section of orifice plate.
Values of ID on 3 planes at D/2 
D^ = 155 mm (6 .1 in)
D^ = 15̂ 1 mm (6.06 in)
D^ = 15  ̂mm (6.06 in)
D = 15U.33 mm (6.08 in)
The same procedure was taken for the Annubar flow sensor
station:
- Upstream
D1 = 15k. 5 mm (6.08 in)
d2 = 15U mm (6.06 in)
D3 = 153 mm (6.02 in)
D = 153.83 mm (6.06 in)
- Downstream
D^ = 15U mm (6.06 in)
D^ = 15^ mm (6.06 in)
D^ = Vjk mm (6.06 in)
D = 15̂ 1 mm (6.06 in)
Care was also taken when taking readings off the manometer. 
For the U-tube manometer, water-on-tetrabromoethane, all air in the 
system was bled before closing the by-pass valve for the reading of 
the differential pressure. For the water-on-mercury type connected to 
the orifice plate, the manometer was zeroed by closing both valves on
Ih2.
two legs and opening the equalizer valve, reading was later taken by 
closing the equalizer valve and opening both valves on two legs. For 
both U-tube manometers, readings were taken where liquid level 
fluctuations tolerable.
Procedure for the reading of the differential pressure on 
the Eagle Eye D.P. meter is as follows :
- To bleed the meter: Install drain hoses from bleed valves 
to a bucket or drain. Open equalizer valve, then open all valves at 
the Annubar flow sensor. Gently loosen screws on bleed valves to open, 
and bleed all the gas out of the connecting line and meter. The meter 
face must be vertical for this operation. Set the portable case in a 
vertical position to bleed effectively. When all air is bled from the 
meter and connecting lines, close screws on bleed valves and close 
valves on flow sensor.
- Final zero: With the equalizer valve open and flow sensor 
valves closed, adjust the needle to zero.
- Taking readings: With the equalizer valve open, slowly 
open the flow sensor valves. In this condition, the needle registers 
above zero, indicating a pressure drop across the equalizer. Then 
slowly close the equalizer valve and read the needle indication.
For all tests from Sections 5*2 to 5*13, ports were blocked 
by taking the whole sensor out of the system after draining the water 
in the pipe, then winding electrical tape around the tube where the 
ports are located.
For tests in Section 5*15, the single port on the copper 
pitot cylinder was moved to ten different positions along the radius 
of the pipe, each position corresponds to one test. This was done by
ll+3.
loosen up the compression nut and move the tube to the appropriate 
positions indicated by markings which were previously engraved on the 
tube, then tighten the compression nut. There is a rubber ’O' ring in 
between the compression nut and the collar to stop water leaking while 
the tube is being moved. The fixed position of the tube is where the 
port is located at the centre line of the pipe.
The traverse test in Section 5»l6 follows the same fashion 
as those in Section 5*15» Differential pressures at 21 points along 
the diameter of the pipe were recorded at the same referenced flow 
rate. The final position of the tube is where the port is located at 
position r/R = 0.8881 .
Positions of traversing are as follows :
- For tests in Section 3.15
n r/R y/R r(inch) y(inch)
from t from wall
1 O.888I 0.1119 2.661+3 0.3357
2 0.801+8 0.1952 2.1+11+3 0.585T
3 0.721Ì+ 0.2786 2.161+3 0.8357
h 0.6381 0.3619 1.911+3 1.0857
5 0.55̂ +8 0.1+1+52 1.661+3 1.3357
6 0.1+711* 0.5286 1.1+11+3 1.5857
7 0.3881 0.6119 1.161+3 1.8357
8 0.30U8 0.6952 0.911*3 2.0857
9 0 .2 2 lk 0.7786 0.661+3 2.3357
10 0.1381 0.8619 O.I+1U3 2.5857
Interval : 0.25 in
- For test in Section 5.l6
Same as above plus the centre line measurement and
measurements at points symmetrical to the above 10 positions about the
centre line.
Ikk.
T h e  f i n a l  c o m p a r is o n  t e s t  i n  S e c t i o n  5 . 2 0  "was c a r r i e d  o u t  a t  
t e n  d i f f e r e n t  r e f e r e n c e d  f l o w  r a t e s  i n d i c a t e d  h y  t h e  o r i f i c e  p l a t e  
m a n o m e te r. F o r  e a c h  f l o w  r a t e  v a l u e ,  t h e  h i g h  a n d  lo w  p r e s s u r e  h o s e s  
o n  t h e  E a g l e  E y e  D .P .  m e t e r  w e r e  c h a n g e d  t o  o b t a i n  t h r e e  d i f f e r e n t i a l  
p r e s s u r e s :  f l o w  s e n s o r  r e a d i n g ,  A n n u b a r u p s t r e a m  t u b e  v e r s u s  w a l l  
p r e s s u r e  t a p p i n g  a n d  w a l l  p r e s s u r e  t a p p i n g  v e r s u s  A n n u b a r d o w n stre a m  
t u b e .  F o r  e a c h  r e a d i n g ,  a i r  w a s b l e d  fr o m  t h e  m e t e r  a n d  z e r o i n g  o f  t h e  
m e t e r  w as n e e d e d .
P o s i t i o n  o f  A n n u b a r F lo w  S e n s o r  i n  P ip e  :
F o r  l i q u i d  f l o w  m e a s u re m e n t i n  h o r i z o n t a l  p i p e ,  t h e  A n n u b a r  
f l o w  s e n s o r  w as i n s t a l l e d  i n t o  t h e  s i d e  s o  t h a t  t h e  in s t r u m e n t  
c o n n e c t i o n s  a r e  b e lo w  t h e  c e n t r e  l i n e  o f  t h e  p i p e .  T h i s  w i l l  k e e p  t h e  
i n s t r u m e n t  l i n e s  f u l l  o f  w a t e r  a n d  e n c o u r a g e  a i r  o r  g a s  t h a t  may b e  i n  
t h e  in s t r u m e n t  t u b i n g  t o  f i n d  i t s  w ay t o  t h e  A n n u b a r f l o w  s e n s o r ,  t h u s  
i n t o  t h e  f l o w i n g  f l u i d .
I t  w as i n s t a l l e d  a t  an a n g le  o f  2 0 °  t o  t h e  h o r i z o n t a l  l i n e  
a s  show n i n  F i g .  5.1.
To D .P .  
M e t e r
F i g .  5 . 1 : P o s i t i o n  o f  f l o w  s e n s o r  i n  p i p e .
lU5.
F i g .  5 . 2 :  P o s i t i o n  o f  h e x  h e a d .
Care was taken to install the Annular in the exact position, 
i.e. downstream opening on centre line of the pipe and ports on r/R = 
0.^597 and r/R = 0.8881 . This was done by measuring the distance from 
the inside of the hex head to the coupling, as shown below :
From Fig. 5.2 :
a - b = (0.1119 x 3)
c + d = a + e
0.3357 in










a + (f + w)
(c + d) - a 
(c + d) - a - f
(c + d) - (b + 0.3357) - f
distance from centre line of 1st port to top 
of coupling.
distance from the inner wall of pipe to top 
of coupling.
distance from the centre line of 1st port to
the end of the hex head.
total length of the hex head.
distance from top of coupling to top of hex
head.
thickness of head.
distance required from top of coupling to head 
for exact position of Annubar in pipe.
From w
b (
(c + d) - (b + 0.3357) - f 
3measure ( m.!d> = 1 16
c (measured) = 1  in.
7
d (measured) = 1 jrj in.
7





This distance was checked when tightening the hex head onto 
the coupling and the arrow for direction of flow was set horizontal as 
shown in Fig. 5*2.
Precautions were taken to insure accuracy of results such as:
- Test points were chosen at equal interval of flow rate from 
10 to 100% of system flow capacity.
- Sufficient time allowed for conditions to stabilize before 
any data were recorded.
- Repeated runs were made for each test to show the repro­
ducibility of the data.
- Fluctuations of average values of readings were also taken.
6.55 mm
(1 + l |  ) - (lj| + 0.3357) -
0.26 in.
CHAPTER 6
X P i R I M B S T A L U L T
As stated in Chapter apart from the two differential 
pressures shown by the orifice plate and the Annubar flow sensor, other 
values were also recorded such as dynamometer load, suction pressure, 
discharge pressure, main line pressure upstream of the orifice plate 
and orifice plate deflection given by the recorder. Since these values 
remain constant for every orifice plate and Annubar reading and do not 
come into the main calculation, they will not be presented in this 
chapter unless otherwise stated.
Readings taken from all the tests are assumed to be those of 
axi-symmetric, incompressible, and fully-developed flow. Therefore, 
they can be applied to theoretical formulae to calculate flow propertie 
for the purpose of the experiment. Theoretical and semi-empirical law 
of velocity distribution are also assumed for this kind of flow system.
Throughout the series of tests from which results are listed 
in this Chapter, the following symbols are denoted:
h^ : pressure difference by orifice plate manometer;unit: 
mm water-on-mercury.
h^ • pressure difference by Annubar sensor as given by 
U-tube manometer;unit: mm water-on-Br^C^H^• 
h^ : pressure difference by Annubar sensor as given by 
Eagle Eye meter;unit: in H^O x 0.39^• 
y/R : ratio of distance from the pipe wall to radius of the
pipe.
lk9.
N : pump speed in rev. per min.
AP : pressure difference at two different points along the
pipe.
P : main line pressure given hy recorder;unit : ftHo0. R d
P^ : pressure from downstream tube. 
P^ : pressure from wall tapping.
P : pressure from upstream tube.
6.1. TESTS ON NORMAL PLOW CONDITIONS WITH U-TUBE MANOMETER
Tables 6.1.1 to 6.1.7 show readings of orifice plate mano­
meter (h^) in mm water-on-mercury and the corresponding pressure 
differences given by the Annubar flow sensor connected to the U-tube 
manometer (h^) in mm water-on-Br^C^H^• The Annubar is being installed 
at its normal position with four openings on its upstream tube. The 
ten readings correspond to ten different flow rate values indicated by 
the orifice plate manometer. The fluctuations of these readings are 
also shown on these tables.
Table 6.1.1 Run N2 1 
Pump Speed N=1500 RPM
h. h,’21
100 ± 2 
20U ±  2 
302 ± 2 
U01 ± 3 
b99 ± 3 
598 ±  ̂
703 ± 6 
80U ± 6 
90U + 8 
1002 + 8
k ± 0.5 
8 ± 0.5 
13 ± 0.5 
17 ± 0.5 
22 + 1 
26 ± 1 
30 ± 1 
35 ± 1 
39 ± 1 
kk ± 2
150.
Table 6.1.2 Run m ! 2 Table 6.1.3 Run No 3
Pump Speed N==1500 RPM Pump Speed N==1500 RPM
hi h21 hi h2
100 ± 2 b + 0.5 98 + 2 k ± 0.5
202 ± 2 8 + 0.5 199 + 2 8 ± 0.5
298 ± 2 12 + 0.5 299 + 2 12 ± 0.5
-p­ 0 u> 1+ 2 IT + 0.5 bob + 2 16 ± 0.5
U98 ± b 21 + 1 i* 99 + 2 21 ± 1
602 ± k 26 ± 1 600 + k 26 ± 1
TO6 ± b 31 + 1 70U + 31 ± 1
00 0 00 1+ 8 36 + 1 805 + 6 36 ± 1
902 ± 8 Uo + 2 898 + 6 Uo ± 2
100U ± 8 b6 + 2 1000 + 6 ± 2
Table 6.l.k Run NS If Table 6.1.5 Run N2 5
Pump Speed N==1500 RPM Pump Speed N==1500 RPM
hl h 2 hi h 2
103 ± 2 b ± 0.5 105 + 1 b ± 0.5
205 ± 2 8 + 0.5 203 + 2 8 ± 0.5
299 ± 2 12 + 0.5 303 + 2 12 ± 0.5
396 ± k 18 + 0.5 1*03 + 2 17 ± 0.5
k9 k ± b 22 + 1 507 + 2 23 ± 1
602 ± b 27 + 1 602 + 1+ 26 ± 1
698 ± b 31 + 1 708 + b 32 ± 1
801 ± 6 36 + 1 810 + 6 36 ± 1
902 ± 8 bl + 2 910 + 6 Uo ± 2
1002 ± 8 b6 + 2 1002 + 8 b6 ± 2
151.
Table 6.1.6 Run N2 6 
Pump Speed R=1500 KPM
Table 6.1.7 Run N2 7 
Pump Speed N=1500 RPM
h ^  h p  h ^  h ,
102 i+ OJ k ±
LTNO 99 + CM k + 0.5
207 + 2 8 ± 0.5 198 + 2 8 + 0.5
oo
n + 3 Ik ± 0.5 302 + 3 12 ± 0.5
399 + 3 18 ± 0.5
o
n
0 + 3 18 ± 0.5
50U + 6 22 ± 1 500 + 1+ 22 ± 1
603 + 6 28 + 1 '6 0 k ± k 26 ± 1
O
J
ot— + 8 32 + 1 705 + 6 30 + 1
-=tooo + 8 36 + 1 805 + 7 36 + 1
90h + 8 hO ± 2 908 ± 8 li-O + 2
1005 ± 8 h6 + 2 1002 + 8 h5 ± 2
6.2. TESTS WITH MODIFIED ANNUBAR FLOW SENSOR
Tables 6.2.1 to 6.2.21 show readings of orifice plate 
differential pressure (h^) in mm water-on-mercury and of Annubar flow 
sensor (h^) with modifications as described from sections 5*2 to 5*13 
in Chapter 5 in mm water-on-Br^C^H^.
The ports on the Annubar upstream tube are numbered from 1 
to with the lowest number starting from the end closest to the mano­
meter connection. Through these blocking-of-port tests, the function 
of a single port and/or a group of ports relative to the overall 
function of the upstream tube can be determined.
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Table 6.2.1 Run N2 8
Pump Speed R=1500 RPM
Block Ports 1,2,3
0H +1 CM on +1 0 . 5
I 9 8 + 2 8 + 0 Mn
302 + 2 12 + 0 . 5
Uo t̂ + U I T + 0 . 5
500 + k 2 1 + 1
598 + k 25 + 1
TOii + 6 29 + 1
0000 + 8 33 + 2
902 + 8 3T ± 2
996 + 8 i+2 ± 2
Table 6.2.2 Run N2 9 
Pump Speed N=1500 RPM 
Block Ports 1,2,3
lOU ± k 
202 ± 6 
3 0 1 ± 5 
U09 ± 5 
511 ± 5 
600 ± 6 
708 ± 8 
812 ± 8 
898 ± 6 
1 0 1 0 ± 8
h ± 0.5 
9 ± 0.5 
12 + 0.5 
IT ± 0.5 
21 + 1 
25 ± 1 
29 ± 1 




Talle 6.2.3 Run m  10
Pump Speed N=1500 RPM
Block Ports 1,2,U
1 0 6 + 1+ 6 + 0.5
22 0 + 1+ 12 + 0.5
302 + 1+ 15 + 0.5
1+10 + 1+ 20 + 0.5
50l+ + 6 26 + 1
600 + 1+ 30 + 1
703 + 6 36 + 1
oooCO + 8 1+0 + 1
9 0 0 + 8 1+6 + 2
998 + 8 51 + 2
T a l l e  6.2.1+ Run N9 11 
Pump S peed  N=1500 RPM 
B lo c k  P o r t s  1,2,1+
hl h 2
1 0 2 + 2 5 + 0 .5
2 0l+ ± 1+ 10 + 0 .5
303 + 3 15 + 0 .5
1+02 + 1+ 20 + 0 .■ 5
1+98 + 1+ 26 t 1
603 + 5 31 ± 1
7 0 0 + 7 36 ± 1
798 + 8 1+0 + 2
900 + 8 1+6 + 2
1 0 0 0 ± 8 50 + 2
15b.
Table 6.2.5 Run No 12
Pump Speed N=1500 RPM
Block Ports 1,3,^
1 0 3 + 2 5 + 0 . 5
202 + 2 10 + 0 . 5
306 + k 15 + 0 . 5
oo
+ b 20 + 0 .5
510 + b 26 ± 1
6 o8 + 6 3 1 + 1
TOO + 6 35 + 1
T9T + 8 hi + 2
902 + 8 bl + 2
996 + 8 50 + 2
T a b le  6 . 2 . 6  Run N2 1 3  
Pump S peed  R = 1 5 0 0  RPM 
B lo c k  P o r t s  1 , 3 , ^
h l h 2
1 0 1 + 2 5 + 0 . 5
2 0 1 ± 3 10 + 0 . 5
oHon + 2 15 + 0 . 5
oo
+ 6 20 + 0 . 5
CMOLTN + b 25 + 1
605 + 5 29 + 1
7 1 0 + 6 35 + 1
812 + 6 bO + 2
CMOON + 8 bb ± 2
1000 + 8 50 + 2
155.
Talle 6.2.7 R m  N2 i k
Pump Speed R=1500 RPM
Block Ports 2,3,if
lOU ± 2 
2 0 5  ±  2 
302 ±  if 
if 02 ± if 
if98 ± if 
6 0 1  ±  6 
TOO ± 6
800  ±  8 
900 ± 8 
996 ± 8
h2
on + 0 . 5
T + 0 . 5
11 ± LT\O







T a l l e  6 . 2 . 8  Run N2 15  
Pump S peed  N =1500 RPM 
B lo c k  P o r t s  2 , 3 , if
1 0 3  ±  2 
201 ± 3 
30 2  ±  if 
398 ± if 
5 0 3  ±  6 
608  ±  if
TO8 ±  8 
802 ± 8 
898  ±  8 
lOOif ±  8
3 ± 0 . 5  
T ± 0 . 5  
11 ± 0 . 5  
15 ±  0 . 5  
19 ±  1  
23 ± 1  
2 7  ± 1  
30 ± 2 
3if ± 2 
38 + 2
156.
Table 6.2.9 Run N2 l6
Pump Speed N=1500 RPM
Block Ports 3,̂ -
1 0 7 l+ 2 h
+
i 0 . 5
2 0 1 + 2 9 ± 0 . 5
2 9 7 + 2 1 3 ± 0 . 5
oo
+ 2 19 ± 0 . 5
ooL
f\ + k 2 3 ± 1
599 + 6 28 ± 1
699 + 6 32 + 1




O + 8 ^0 ± 2
1 0 1 2 ± 8 k6 ± 2
T a b le  6 . 2 . 1 0  Run N2 I T  
Pump S p e ed  R = 15 0 0  RPM 
B lo c k  P o r t s  3,H
100 H- 2 k +i 0 . 5
20 5 + 2 9 + 0 . 5
305 ± 2 13 + 0 .5
oo-3
- ± 2 18 + 0 . 5
O
J
oLTN + k 2 3 + 1
6 o6 ± k 2 7 + 1
coob- + 6 32 + 1
CO o o ± 8 36 ± 2
902 + 8 UO ± 2
1006 ± 8 U6 ± 2
157.
Table 6.2.11 Run m  18
Pump Speed N=1500 RPM
Block Ports 1,2
101 +!
CVJ b ± 0.5
oCVJ ± 2 9 ± 0.5
302 ± 7 lb ± 0.5
b 02 ± u 18 ± 0.5





Oot- ± 6 33 + 1
oooo ± 6 37 + 1
900 ± 8
CM ± 2
1000 ± 8 b6 ± 2
Talle 6.2.12 Run N2 19 
Pump Speed N=1500 RPM 
Block Ports 1,2
hi h 2
103 + 2 k + 0.5
2 0 1 + 2 9 ± 0.5
3 0 2 + 2 13 + 0.5
398 ± k 1 8 ± 0.5
50 6 ± h 22 + 1
602 ± b 26 ± 1
709 + 6 31 + 1
8lU + 8 36 + 2
9 0U ± 8 UO + 2
1 0 0 2 ± 8 U6 ± 2
158.
Table 6,2.13 Run Ng 20





-3-oevi ± 8 9 + 0 .
3 1 1 + 7 1 3 + 0 .
*U)7 ± 5 1 7 + 0 .
HOUA + 5 2 1 + 1
6 0 1 ± 6 25 + 1
70 6 ± 8 31 ± 1
812 ± 8 35 + 1
900 ± 8 39 + 2
100*1 8 *+5 + 2
T a b le  6 . 2 . 1 k  Hun NQ 2 1  
Pump S p e ed  N =1500 RPM 
B lo c k  P o r t s  1 , 3
h l h 2)
1 0 3 ± 2 *+ + 0 .
oCM ± *[ 9 ± 0 .
300 ± h 1 3 0 .
orH-=t ± h 1 7 + 0 .
vn o O
A + h 2 3 + 1
C
A o oo + k 2 7 ± 1
ooot- + 5 31 + 1
ooOO ± 6 35 + 1
902 + 8 ho ± 2










Talle 6.2.15 Run N9 22






i 0 . 5
200 + 2 10 + 0 . 5
299 + 2 15 + 0 . 5
oo~=f ± 1+ 20 + 1
50  6 + 1+ 25 + 1
605 + 6 3 1 + 1
70 2 + 8 36 + 2
80 6 + 8 1+2 + 2
CMoOn + 8 1+6 ± 2
1001+ ± 8 5 1 + 2
Talle 6 . 2 . 1 6  Run N° 2 3  
Pump Speed N=1500 RPM 
Block Ports 2 , 3
h. h,
100 ±  2 
2 0 5  ±  2 
301 ±  2 
1+02 ± 1+ 506 ± h 
602 ± 6 
T 0 3  ±  6 
8o6 ± 8 
90b ±  8 
1001+ ± 8
3 ±  0.5 
8 ± 0.5 
12 ± 0.5 
16 ± 0.5 
20 ± 1 
2k ± 1 
28  ±  2 
3 3  ±  2 
37 + 2 
kO ± 2
i6o.
Table 6.2.17 Run NQ 2 b
Pump Speed N=1500 RPM
Block Ports 2 9h
h. h.
102 ± 2 
198 ± 2 
298 ± 2 
± b 
506 ± k 
598 ± h 
698 ± 6 
802 ± 8 
906 ± 8 
IOOU ± 8
k ± 0.5 
8 ± 0.5 
lb ± 0.5 
18 ± 0.5 
22 ± 1 
26 ± 1 
32 ± 1 
36 ± 2 
bl ± 2 
^5 ± 2
l 6 i .
Table 6.2.18 Run 25
Pump Speed R=1500 RPM
Block Port h
1 0 0 + 5 k ± 0 .5
205 + 5 10 + 0 .5
t—0CO + 5 lb ± 0 . 5




N + h 2 3 ± 1
605 + 5 28 ± 1
T03 + 5 32 + 1
801 + T 37 + 1




T a l l e  6 . 2 . 1 9  Pun N2 2 6 
Pump S peed  N =1500 RPM 
B lo c k  P o r t  b
100 +
00 b ± 0.5
196 + b 10 + 0.5
3 1 U + b lb ± 0.5
bl 2 + 6 18 + 0.5
508 + 6 22 ± 1
603 + 6 28 + 1
712 + 6 3^ ± 1
00 0 4=
-
+ 8 38 ± 1
902 + 8 b2 ± 2
1000 + 8 bQ ± 2
Table 6.2.20 Run No 27
Pump Speed N=1500 RPM
Block Port 3
100 +i k b i+ 0 .212 + k 8 + 0 .306 + b 12 + 0 .
oi—1 + b I T + 0 .
50b + b 20 + 16o6 + b 25 ± 1706 + 8 28 + 18o7 + 8 31 + 1908 + 8 37 + 21000 + 8 70 + 2
T a b le  6 . 2 . 2 1  Run N2 28  
Pump S peed  N =1500 RPM 
B lo c k  P o r t  3
h 2
lO T
+1 2 b 1+ 0 .
206 ± 2 7 + 0 .
3 0 7 + 2 1 1 + 0 .
ooo + 2 15 + 0 .
506 + b 19 + 1
598 + b 2 3 + 1
705 + 5 2 7 + 1
HOGO + 7 31 + 1
9 O2 + 8 35 + 2








6.3 TESTS ON NORMAL FLOW CONDITIONS WITH ’EAGLE EYE' PORTABLE D.P.
METER
Tables 6.3.1 to 6.3.5 show average readings of differential 
pressures shown by orifice plate manometer (h^) in mm water-on-mercury 
and by Annubar flow sensor (h^) inc^es of "water x .39^ as displayed 
by the Eagle Eye D.P. meter connected to the Annubar being placed in 
its normal position with b openings facing upstream.
Table 6.3.1 Run Nq 29 
Pump Speed N=1500 RPM 
Standard Position
(mm water-on-mercury)
100 ± 2 
199 ± 2 
300 ± 2 
UOO ± b 
500 ± b 
600 ± b 
TO6 ± 8 
800 ± 8 
900 ± 8 
1002 ± 8
(inches H^O x 0.39^)
1 ±  0.01 
2 ±  0.01 




7.1 ±  0.1 
8 ± 0.1 
8.9 ±  0.1 
9.9 ±  0.1
Table 6«3.2 Run N2 30 





Cinches H^O x 0.39 )̂
OJoH ± 2 1 . + 0.01
199 + 2 1.95 + 0.01
300 + b 3. . + Lf\oo
oo-=j" + b U.05 + 0.05
502 + h 5.1 + 0.05
596 + 6 5.9 + 0.05
712 + 8 7.1 + 0.1
802 ± 8 8. + 0 .1
908 + 8 9. + 0 .1
988 + 8 9.7 + 0 .1
Table 6.3.3 Run N2 31 
Pump Speed N=1500 RPM 
Standard Position
h. h.
(mm -water-on--mercury ) (inches H,2° x 0.
100 + 2 0.9 + 0.01
201 + 2 1.95 + 0.01
300 + k 3.0 + 0.05
398 ± b U.05 + 0.05
510 ± b 5.15 + 0.05
599 ± 6 6.0 + 0.05
6 9 b ± 8 7.0 + 0.05
802 ± 8 8 .1 + 0.1
902 + 8 9.0 + 0 .1
1006 ± 8 10.0 + 0 .1
165,
Table 6.3.h Run HQ 32 
Pump Speed N-I5OO RPM 
Standard Position
(mm water-on-mercury)
105 ± 2 
201 ± 2 
302 ± 2 
398 ± b 
502 + b 
602 ± b 
698 ± 8 
800 ± 8 
90U ± 8 
992 ± 8
(inches H^O x 0.39^)
0.95 + 0.01
1.90 + 0.01
3.0 + o o




7-95 + 0 .1
9.0 + 0 .1
10.0 ± 0 .1
Table 6.3.5 Run 33 





(inches H^O x 0.39*0
100 ± 2 1 + 0.01
200 ± 2 2 + 0.01
300 ± 2 3 +
LT\OO
396 ± H H.l + 0.05
502 ± b 5.15 + 0.05
59  ̂± b 6.0 + 0.05
700 ± 6 ■7.1 + 0.1
800 ± 8 8 .1 ± 0 .1
900 ± 8 8.95 + 0 .1
988 ± 8 9.8 + 0 .1
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6.k TESTS WITH THE SINGLE^-PORT PITOT CYLINDERS
Tables 6.U.1 to 6.U.10 show average readings of differential 
pressures shown by orifice plate (h^) in mm water-on-mercury and by 
the first single-port pitot cylinder mentioned in Section h.2.9 (h^). 
Each run corresponds to one of 10 different positions of the port along 
the radius of the pipe. The pitot cylinder and the Annubar downstream 
tube are connected to the Eagle Eye D.P. meter.
Since the Annubar upstream tube cannot be moved along the 
pipe diameter, the pitot cylinders are made to measure the pressure 
differences at a large number of points along the pipe diameter in 
order to define the velocity distribution in the pipe. The blocking 
tests using the Annubar upstream tube only give readings at four points 
along the diameter, hence it is difficult to define the velocity 
distribution. The ’0’ ring allows the pitot cylinder to move freely 
into different position along the diameter without leak, thus constant 
flow is maintained during a traverse.
The pitot cylinder Nq 1 has its port located at the centre 
line of flow when spanning across the pipe diameter, hence the traverse 
test can be done along one radius of the pipe, from the wall to the 
centre line. The pitot cylinder 2 has its port located at the 
position of port N2 U of the Annubar upstream tube (y/R = .1119) when 
spanning across the pipe diameter, thus allows the traverse test to be 
carried out for the whole diameter, from wall to wall.
Table 6A.1 Run N2 3b
Pump Speed R=1500 RPM 
Port Located at y/R = .1119
(mm -water-on-merciiry) (in H^O x .39*0
10*t + 2 0.85 + 0.01
19*+ + 2 1.7 + 0.01
302 + k 2.85 + 0.05
396 + k 3.7 + 0.05
502 + k k.6 + 0 .1
598 + k 5.6 ± 0 .1
HOt— ± 6 6.5 + 0 .1
802 ± 8 7.^5 + 0.15
896 ± 8 8.25 + 0.15
990 ± 8 9.2 + 0.2
Table 6.U.2 Run N2 35 
Pump Speed N=1500 RPM 




(in H^O x .39*0
102 ± 2 
200 ± 2 
300 ± k 
k02 ± h 
500 + h 
588 ± k 
TOU ± 6
80*1 ± 8 






H.95 + 0 .1
5.75 + 0 .1
6.95 ± 0 .1
8.0 + 0 .1





(mm •water-on-mercury) (in H20 x .391*)
Table 6.^.3 Run RQ 36
Pump Speed N=1500 RPM
Port Located at y/R = .2786
106 + 2 1.05 + 0.01
200 + 2 2.05 + 0.01
300 + k 3.1 + 0.05
00 + h ^.15 + 0.05
U96 ± k 5.15 + 0 .1
600 + k 6 .1 + 0 .1
698 + 6 7.25 + 0 .1
CO H O + 8 8.2 + 0.2
89^ + 8 9.0 + 0.2
1000 + 8 9.9 + 0.2
Table 6.U.U Ran M2 37
Pump Speed R=1500 RPM 
Port Located at y/R = .3619
(mm water-on-mercury) (in H^O x .39^)
106 ± 2 1.05 + 0.01
202 + 2 2.1 + 0.01
301 ± k 3.2 + 0.05
kok + k U.3 + 0.05
502 + k 5.3 + 0 .1
606 + 6 6.h + 0 .1
698 + 8 1-h + 0 .1
802 + 8 Q.k + 0 .1
90U ± 8 9.3 + 0.2
990 ± 8 10 .1 + 0.2
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hl h3
(mm water-on-mercury) (in H^O x .39 )̂
Table 6.1+.5 Run N2 38
Pump Speed N=1500 RPM
Port Located at y/R = .1+1+52
100 ± 2 LT\OH + 0.01
200 ± 2 2.15 + 0.01
301 + 1+ 3.35 + 0.05
1+06 ± b 1+ .55 + 0.05
502 ± b 5.5 + 0 .1
601 + b 6.55 + 0 .1
onot— + 6 7.5 ± 0 .1
o00 ± 8 8.6 + 0.2
901 + 8 9.6 + 0.2
99 6 ± 8 10.65 ± 0.2
Table 6.1+.6 Run N2 39
Pump Speed N=1500 RPM 
Port Located at y/R = .5286
hl h3
(mm water-on-mercury) (in HpO x .39̂ -)
H O •+=- ± 2 1.05 ± 0.01
200 ± 2 2.15 + 0.01
300 ± 1+ 3.35 ± 0.05
1+01+ ± 1+ 1+.55 ± 0.05
50l+ ± 1+ 5.6 ± 0 .1
602 ± 1+ 6.6 ± 0 .1
o 00 ± 6 7.75 ± 0.15
806 ± 8 8.7 + 0.15
-=!■OON ± 8 9.7 + 0.2
1008 ± 8 10.95 ± 0.2
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(mm water-on-mercury) (in H^O x .39*0
Table 6.U.7 Run NQ Ho
Pump Speed N=1500 RPM
Port Located at y/R = .6119
100 ± 2 1.1 ± 0.01
200 ± 2 2.2 + 0.01
coOnOJ ± h 3.^ + 0.05
UoU± b U.6 + LTNOO
ooLTN ± b 5.6 ± 0. 1
C5A O O ± b 6.7 + 0 . 1
696 ± 6 7.75 ± 0. 1
798 ± 8 8.8 ± 0. 1
902 ± 8 9.9 ± 0.2
1002 ± 8 11.2 ± 0.2
Table 6.^.8 Run N- bl 
Pump Speed R=1500 RPM 
Port Located at y/R = .6952
hl h3
(mm ■water-on-mercury) (in HpO x .39*0
100 ± 2 l.l ± 0.01
20U ± 2 2.2 ± 0.01
300 ± k 3.b ± 0.05
bob b U.55 ± 0.05
502 ± b 5.55 ± 0.1
600 ± b 6.6 ± 0.1
706 ± 6 7.7 ± 0.1
0CO ± 8 8.7 ± 0.1
900 8 9.7 ± 0.2
1008 ± 8 11.3 ± 0.2
171.
Table 6 , b,9 Run N2 b2
Pump Speed N=1500 RPM
Port Located at y/R = .7786
(mm water-on-mercury)
h3
(.in H^O x .39 )̂
102 + 2 1.2 + 0.01
202 + 2 2.35 + 0.01
302 ± k 3.6 + 0.05
oo ± h k.65 + 0.05
506 ± k 5.8 + 0 .1
596 ± h 6,85 + 0 .1
702 ± 6 8.0 + 0 .1
V
OoCO + 8 9.1 + 0.2
902 + 8 10.35 + 0.2
998 ± 8 11.3 + 0.2
Table 6.U.10 Run N2 b3 
Pump Speed N=1500 RPM 




(in H20 x .39*0
100 + 2 1.2 + 0.01
202 ± 2 2.b + 0.01
300 ± U 3.6 ± 0.05
b02 + k U .8 ± 0.05
502 + b 6.0 ± 0 .1
602 + b 7.1 ± 0 .1
702 + 6 8.2 ± 0 .1
802 ± 8 9.2 + 0.2
898 ± 8 10.35 + 0.2
998 ± 8 11. b^ + 0.2
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6.5 THE TRAVERSE TEST
Table 6.5*1 shows the average reading of the differential 
pressure shown by the second pitot cylinder (h^) being traversed at 21 
points along the pipe diameter. The pitot cylinder and the Annubar 
downstream tube are connected to the Eagle Eye D.P. meter. The D.P. 
across the orifice plate is kept constant while traverse is being made.
Table 6.5.1 Hun N2 kk 
Pump Speed N=1500 RPM 
Traverse Test
h^ = 506 + k mm water/mercury
Point H° y/R h3
(0-1 ) (in H^O x .39
1 0.1119 ± 0 .1
2 0.1952 h.9 ± 0 .1
3 0.2786 5.1 ± 0 .1
k 0.3619 5.3 + 0 .1
5 0A U 52 5.5 ± 0 .1
6 0.5286 5.6 ± 0 .1
7 0.6119 5.65 ± 0 .1
8 0.6952 5.65 ± 0 .1
9 0.7786 5.65 ± 0 .1
10 0.8619 5.7 ± 0 .1
t 1.0000 5.9 ± 0 .1
(1*0)
11 0.8619 5.8 ± 0 .1
12 0.7786 5.7 ± 0 .1
13 0.6952 5.7 ± 0 .1
Ik 0.6119 5.7 ± 0 .1
15 0.5286 5.6 ± 0 .1
l6 0.UU52 5-5 ± 0 .1
17 0.3619 5.3 ± 0 .1
18 0.2786 5.1 ± 0 .1
19 0.1952 U .8 + 0 .1
20 0.1119 k.Q ± 0 .1
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6.6 STATIC-PRESSURE MEASURING TESTS
The static-pressure tests aim at comparing the pressures at 
two different points along the pipe so that friction factor of the 
pipe can he calculated. These tests also give the comparison of 
pressures given by the static tube, the wall tapping and the Annubar 
downstream tube.
Table 6.6.1 shows the differences in static pressure readings 
between the BS10U2 static tube and wall tapping and static pressure 
value of wall tapping given by recorder (P^) for ten values of 
referenced flow rates indicated by the orifice plate manometer. The 
static tube and the wall tapping are connected to the U-tube manometer.
• Table 6.6.1 Run N2 U5
Pump Speed R=1500 RPM 
Distance Between Tube&Tapping 1.2 m
h^ Main Line A P
(mm water/mercury) Pressure P^ (mm water-on-Br^C^H^)
(ft h2o )
100 + 2 138 0.5
-3­0CM + 2 13U 1
300 + k 132 2
^0U ± k 126 3
506 + k 123 k
606 ± h 120 5
700 ± 6 llU 5-5
800 ± 8 110 6
902 ± 8 100 7
998 ± 8 85 8
Table 6.6.2 shows the static-pressure differences by connect
ing the static tube and the wall pressure tapping to the Eagle Eye D.P
meter.
Table 6.6.2 Run N2 h6
Pump Speed N=1500 RPM 
L = 1.2 m
hl PR A p
(mm c,0/Hg) (ft h2o ) (in H20 x .39*0
102 + 2 138 0.25
200 + 2 13b 0.35
296 + k 132 0.U5
bob + k 127 0.6
502 + b 122 0.75
602 + b 117 0.9
706 + 6 llU 1 .1
CMOOO + 8 107 1.2
898 + 8 100 1.35
996 + 8 8H 1.5
Table 6.6.3 shows the static pressure differences between 
the static tube and the Annubar downstream tube - the static tube was 
moved to three different positions along the radius of the pipe. Both 
tubes are connected to the U-tube manometer.
Table 6.6.3 Run CT2 UT 
Pump Speed N=1500 RPM 




o ^ t e
0.1119










Table 6.6.b shows the difference in static pressures between 
the static tube and the wall static pressure tapping 1 m apart just 
upstream of the Annubar flow sensor station, at ten different referenced 
flow rates indicated by the orifice plate manometer. AP is read by the
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Eagle Eye D.P. meter.
Table 6.1+.1+ Run N2 1+8 
Pump Speed N=1500 RPM 
Distance L = 1 m
h AP
(mm water/Hg) (in H^O x .39*0
100 + 2 o o vn + 0.01-=}■oOJ + 2 0 .1 + 0.01
300 + 1+ 0.15 + 0.01
1+02 + 1+ 0.2 + 0.01
1+98 + 1+ 0.25 + 0.01
598 + 6 0.3 + 0.01
700 + 8 0.35 + 0.01
ooco + 8 0.1+ + 0.01
898 + 8 0.5 + 0.01
1008 + 8 0.7 + 0.01
Table 6 .6.5 shows the pressure differences between both tubes 
of the Annubar, the Annubar upstream tube and the wall tapping, the 
wall tapping and the Annubar downstream tube - at ten different 
referenced flow rates indicated by the orifice plate manometer. All 
differences are shown by the Eagle Eye D.P. meter. Distance from 
tapping to Annubar station: 3 inches. Main line pressure given by 
tapping 2.39 h+ upstream of orifice plate is also recorded.
p - PD : Ap (upstream tube-downstream tube)
p - PT : AP (upstream tube-tapping)
PT - PD = AP (tapping-downstream tube)
PR Main line pressure given by recorder.
Table 6.6.5 Run NQ h9 





p - p T
in H^O x .39^




H o XT + 2 1 0.5 0.U5 138
200 + 2 2 1.15 0.8 136
30^ + k 3.2 1.75 l.k 132
XT" o o + k b.25 2.3 1.9 127
500 + k 5.15 3 2.15 123
596 + h 6.25 3.55 2.7 118
696 + k 7.3 ^.15 3.15 111*
802 + 8 8.35 ^.75 3.6 107
908 + 8 9.U 5.3 U.l 92
998 + 8 10.2 5.7 ^.5 80
Table 6.6.6 shows the difference in pressures between the 
static tube and the Annubar downstream tube, at ten different flow 
rates indicated by the orifice plate manometer. The differences are 
shown by the Eagle Eye D.P. meter. The main line pressure given by the 
tapping 2.39m upstream of the orifice plate is also recorded.
Table 6.6.6 Run NQ 90 
Pump Speed,N=1500 RPM
hi Ap pr
(mm water/Hg) (in H^O x .39^0 (ftH^O)
10k + 2 0.5 + 0.01 136
00CM + 2 0.9 + 0.01 13U
J
­
Oon + h 1.55 + 0.02 130
JUoU + h 2 .1 + 0.02 126
506 + k 2.h + 0.05 122
598 + h 3.0 + 0.05 118
70U + 6 3.5 + 0.05 112
79^ + 8 U.O + 0.05 108
902 + 8 h.6 + 0.05 96
1002 + 8 5.2 + 0.05 82
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Similar to Run UT in Table 6.6.3, the static tube was also 
moved radially to three different positions along the radius of the 
pipe to observe the variations in static pressure. No significant 
variation was recorded.
In the next Chapter, these results will be analysed through 
calculations of quantities relating to flow measurement and the flow 
system. Theories in Chapter 3 will be used in computer programs for 
the calculations of these quantities.
CHAPTER T
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As seen in Chapter 6, most experimental results were 
recorded in terms of pressure differences through orifice plate and 
through the Annubar flow sensor. Since the orifice plate was used as 
a reference meter, a relationship between the two sets of results will 
he established. The method of least-squares will be employed to obtain 
this relationship between the two sets of variables in which the 
orifice plate readings are taken as the independent and the Annubar 
readings are taken as the dependent variables.
The relationship between the two sets of flow rates which 
correspond to the pressure differences will be established in order to 
compare the differences in readings of the Annubar to those of the 
reference meter.
A ’least-squares’ line which represents a linear relation­
ship for each case will be plotted. The standard deviations from the 
’least-squares’ lines will be calculated to show the degree of 
scattering of the dependent variables with respect to the ’least-squares’ 
fitted values. The deviations of scattered points from the fitted line 
are also shown in a plot of vertical bars symmetrical about the fitted 
values. Then by using the slope and intercept of the line, the fitted 
values of the dependent variables corresponding to ten fixed independent 
variables can be calculated, i.e. Annubar values (flow rates or pressure 
differences) corresponding to ten fixed reference flow rates by orifice 
plate starting from 100 to 1000 mmHg. These values will be used in later
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calculation.
The calculated flow rate values given by the orifice plate 
and the Annubar flow sensor will be compared in terms of the percentage 
differences between the two. Also from the calculated flow rates, a 
chart will be plotted to show the relationship between the square roots 
of the Annubar pressure differences and the corresponding flow rates 
by Annubar flow sensor and by orifice plate.
The function of each individual port, represented by readings 
from the series of port-blocking tests, is examined by comparing with 
the mean flow given by the Annubar on normal flow condition.
From traverse-test readings using the pitot cylinders, the 
theoretical flow properties will be evaluated by assuming 2 theoretical 
flow distributions in pipe, i.e. the l/n-th power law and the universal 
log law.
The final series of tests on measuring the difference in 
static pressures at two different points along the pipe will be used 
to examine the friction factor of the pipe.
Finally, experimental errors for the whole series of tests 
will be estimated.
Most calculations are done by the digital computer, the 
UNIVAC 1106, and results are plotted by the Tektronix graphic terminal 
and its hard-copy unit as well as the Tektronix digital plotter.
Results listed in Chapter 6 are now grouped into special 
data sets for computing purpose. These data sets will be seen as
follows :
(i) Group A . Annubar D.P. recorded by U-tube manometer
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Set 1. Results from tables 6.1.1 to 6.1.7, 
70 measuring points,
Annubar under normal condition.
Set 2. Results from tables 6.2 .1 , 6.2 .2  
20 measuring points,
Ports 1,2,3 blocked.
Set 3. Results from tables 6.2.3 , 6.2 .̂  
20 measuring points,
Ports 1,2,U blocked.
Set k. Results from tables 6.2.5 , 6.2.6 
20 measuring points,
Ports 1,3,^ blocked.
Set 5. Results from tables 6.2.7 , 6.2,8 
20 measuring points,
Ports 2,3,̂ - blocked.
Set 6. Results from tables 6.2.9 •> 6.2.10 
20 measuring points,
Ports 3,̂ - blocked.
Set 7. Results from tables 6.2.11 , 6.2.12 
20 measuring points,
Ports 1,2 blocked.




Set 9. Results from table 6.2.15 
10 measuring points,
Ports 1 ,U blocked.
Set 10. Results from table 6.2.16 
10 measuring points,
Ports 2,3 blocked.
Set 11. Results from table 6.2.17 
10 measuring points,
Ports 2,h blocked.
Set 12. Results from tables 6.2.18 , 6.2.19 
20 measuring points,
Port ^ blocked.
Set 13. Results from tables 6.2,20 , 6.2.21 
20 measuring points,
Port 3 blocked.
ii) Group B . Annubar D.P. recorded "by Eagle Eye D.P. Meter
Set 1. Results from tables 6.3.1 to 6.3.5 
50 measuring points,
Annubar under normal condition.
Set 2.1 Results from table 6.^.1 
10 measuring points,
Single port located at y/R = 0.1119
Set 2.2 Results from table 6.k.2
10 measuring points,
Single port located at y/R = 0.1952
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Set 2.3 Results from table 6.U.3 
10 measuring points,
Single port located at y/R = 0.2786
Set 2.11- Results from table 6.k.b 
10 measuring points,
Single port located at y/R = O .3619
Set 2.5 Results from table 6.U.5 
10 measuring points,
Single port located at y/R = 0.bk^2
Set 2.6 Results from table 6.b.6 
10 measuring points,
Single port located at y/R = 0.5286
Set 2.7 Results from table 6.1+. 7 
10 measuring points,
Single port located at y/R = 0.6119
Set 2.8 Results from table 6.U.8 
10 measuring points,
Single port located at y/R = 0.6952
Set 2.9 Results from table 6.^.9 
10 measuring points,
Single port located at y/R = 0.7786
Set 2.10 Results from table 6,U.10 
10 measuring points,
Single port located at y/R = 0.8619
Set 3. Results from table 6.5*1
21 measuring points,
1 8 3 1
Single port at 21 different positions along pipe 
diameter.
(iii) Group C. Static pressure tests.
Set 1. Results from table 6.6.1 
Static tube versus wall tapping.
10 measuring points.
D.P. measured by U-tube manometer.
Set 2. Results from table 6.6.2 
Static tube versus wall tapping. 
10 measuring points,
D.P. measured by Eagle Eye meter.
Set 3. Results from table 6.6.3
Static tube versus downstream tube.
3 measuring poimts,
D.P. measured by U-tube manometer.
Set U. Results from table 6.6.U
Static tube versus wall tapping (new location). 
10 measuring points,
D.P. measured by Eagle Eye meter.
Set 5- Results from table 6.6.5 
3 pressure differences,
10 measuring points,
D.P. measured by Eagle Eye meter.
Set 6. Results from table 6.6.6
Static tube versus downstream tube.
10 measuring points
D.P. measured by Eagle Eye meter.
7.1 THE LEAST-SQUARESMETHOD
The theory of least-squares method is used to obtain 
relationship between two sets of variables, one given by the orifice 
plate and the other by the Annubar flow sensor. A computer package on 
least-squares curve fitting (UT) is used for this purpose, and its 
summary can be seen in Appendix B. A plotting routine (̂-8) was used to 
plot all calculated results.
7.2 THE LEAST-SQUARES PROGRAMS
7.2.1 LEAST-SQUARES PROGRAM FOR H
The least-squares program gives a linear relationship between 
the two pressure differences where
Abscissa X = h = D.P. OF ORIFICE PLATE, MM-HG.
Ordinate Y = h^ = D.P. OF ANNUBAR,
MM-BRUC2H2 (U-TUBE MANOMETER) 
or Y = h^ = IN H20 x 0.39^ (EAGLE EYE METER)
The program works out the slope A(2) and intercept A(l) of 
the least-squares line of the general form :
Y = A(l) + A(2)X
It also works out least-squares fitted values of Y for every 
values of X.
From the least-squares line, ten fitted values of Y are read 
according to ten fixed exact values of HI from 100 to 1000 mm-Hg ty 
application of the first-order linear equation.
Table 7*1 below shows the slopes and intercepts of 13 least- 
squares lines for the 13 sets of experiments when a U-tube manometer is 
used to measure pressure differences.
Table 7.1
LEAST-SQUARES RELATIONSHIP 
BETWEEN TWO PRESSURE DIFFERENCES <g)
X = h1 : D.P. BY ORIFICE PLATE 
mm-water on mercury.
Y = h2 = D.P. BY ANNUBAR
mm-water on Br^C^H^
A(l) : intercept of line 
A(2) : slope of line
General Equation 










1 TO 7 PORTS OPEN -1.1210 7.590 X 10“ 2
2 20 PORT NO 7 OPEN -3.5322 X 10_1 7.185 X 10“ 2
3 20 PORT N2 3 OPEN +7.6730 X 10"2 5.058 X 1 0 '2
7 20 PORT NO 2 OPEN - 2 .5777 X 10“ 1 5.072 X 10“2
5 20 PORT NO 1 OPEN -8.3160 X 10"1 3.875 X 10"2
6 20 PORTS 1,2 OPEN -3.0166 X 10“ 1 i*.552 X 10~2
T 20 PORTS 3,7 OPEN -5.T93U X 10"1 7.615 X 10“ 2
8 20 PORTS 2,7 OPEN -U.7U51 X io_1 U.U53 X 10"2
9 10 PORTS 2,3 OPEN -8.OUO6 X 1 0 '1 5.212 X
OJ10i—1
10 10 PORTS 1,7 OPEN -6.6778 X 10“ 1 7.117 X 10-2
11 10 PORTS 1,3 OPEN -5.6731 X io_1 7.562 X 10"2
12 20 PORTS 1,2,3 OPEN -7.2606 X 10"1 ¡I. 779 X 10-2
13 20 PORTS 1,29k OPEN -7.5868 X 10“ 1 3.986 X 10-2
The same program can be applied to the set of readings of 
the Annubar given hy the Eagle Eye D.P. meter as well as readings 
obtained by single-port pitot cylinder in traversing the pipe radius 
as described in Chapter 5* The intercepts and slopes of the least- 
squares lines for these sets of readings can be summarised in table
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Table 7.2
X = h : D.P. BY ORIFICE PLATE 
mm-water on mercury.
Y = h3 : D.P. BY ANNUBAR OR PITOT CYLINDER 
in H20 x 0.39  ̂ ®
A(l) : intercept of L.S. line 
A(2) : slope of line
General Equation 
Y = A(l) + A(2)X
NUMBER
EXPERIMENT OF A(l) A(2)
POINTS
Annubar 50










7.2.2 LEAST-SQUARES PROGRAM FOR Q.
The flow rates are calculated from the pressure differences 
according to equations (3.90) and for the Annular and orifice
plate, in convenient unit - LPM, since it is used in the Annular metric 
quick-size chart supplied ly the manufacturer and it magnifies the 
usual metric unit for flow rn̂ /sec Ly 6000 times. The least-squares 
package provides a letter relationship here since loth variables are
LEAST-SQUARES RELATIONSHIP
BETWEEN TWO PRESSURE DIFFERENCES (g)
1.^837 x 







2 .988U x 

























































in the same unit. The slopes and intercepts are presented in table 7.3.
Table 7.3
LEAST-SQUARES RELATIONSHIP 
BETWEEN TWO FLOW RATES ®
X = Q1 : Flow rate by orifice plate 
litre-per-minute.
Y = Q2 : Flow rate by Annubar
litre-per-minute, <$2.- i (̂ 2) ®
A(l) : Intercept of L.S. line.
A(2) : Slope of L.S. line.
General Equation 










1 70 k PORTS OPEN
2 20 port :NO h OPEN
3 20 PORT :NO 3 OPEN
b 20 PORT :m  2 OPEN
5 20 PORT :NO 1 OPEN
6 20 PORTS 1,2 OPEN
7 20 PORTS 3,U OPEN
8 20 PORTS 2,k OPEN
9 10 PORTS 2,3 OPEN
10 10 PORTS l,1* OPEN
11 10 PORTS 1,3 OPEN
12 20 PORTS 1,2 ,3 OPEN
13 20 PORTS 1,2 ,U OPEN
00000
-3­1 X io+1 9.3U90 X io_1
-2.315I X io+1 8.8869 X 10“1
+¿+.7203 9.5187 X 10“1
-7.7862 9.5877 X io_1
-U.2365 X io+1 8.6760 X 10"1
-2.1765 X io+1 9.2568 X 10“1
-2.klb0 X io+1 9.2963 X 10"1
-8.1283 8.972U X io~1
-3.8655 X io+1 9.9988 X io_1
-3.7995 X io+1 8.9180 X 10“1
-2.6506 X io+1 9.2717 X 10”1
-2.268O X 10+1 9.U165 X 10"1
+1 - 1-I.599O X 10 8.5753 X 10
It is noted from table 7.3 that the slopes of all least-
squares lines are less than unity, which means the Annubar gives lower 
readings of flow rate than does the orifice plate.
If the orifice plate flow rate values are taken as reference, 
then those given by the Annubar can be compared with in terms of
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percentages, i.e. BCE = 100 x ( - 1 ~ ^ )Q1
In a least-squares program, if Q1 is taken as X and ~PCE as 
Y, the maximum and minimum least-squares values of percentage 
differences for the 70—point set are 15.6% and 9*3% respectively. It 
was found that the lowest flow rate gives maximum difference and the 
highest one gives minimum difference.
Similar program can he applied to the set of Annular readings 
given ty the Eagle Eye D.P. meter and the single port pitot cylinder 
readings in traversing 10 points along the pipe radius. The slopes and 
intercepts of these lines are summarised in table J.b,
Table 7.̂ -
LEAST-SQUARES RELATIONSHIP BETWEEN TWO FLOW RATES (D 
X = Q1 : FLOW RATE BY ORIFICE PLATE, LPM 
Y = Q2 : FLOW RATE BY ANNUBAR, LPM - Q* =■ f ( ̂ 3) ®
A(l) : Intercept of L.S. line 
A(2) : Slope of L.S. line 






Annubar 50 -U.1981 9.6295 X 10“ 1
Pitot Cylinder at Pt . 1 10 -1.9523 x 101 9.^31^ X io” 1
u 2 10 5 .3 6 1 k 9.U360 X K f 1
!T 3 10 8.2253 9.568U X 10-1
Tf k 10 2.3811 9.761U X io_1
?! 5 10 8.U165 9.8583 X 10"1
?! 6 10 -1.7523 1.002U
t? 7 10 3.9531 1.0067
?? 8 10 3.61^6 1.0013
fl 9 10 I.565U X 101 1.0081
?! 10 10 1.9772 X 101 1.0131
For the Eagle Eye D.P. meter, D.P. is given in inH^O x 0.39 -̂>
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the corresponding flow rate equation in units of LPM are derived as 
below :
Q = S I D
Q = 0.72 x N x D2 tfh
Q = 0.72 x ( £ x  ][2g x C ) x D2 VF
Q : LPM K3 : EAGLE- &YS M 6TFP UrJlT •
h : inH20 x 0.39 U — m. h2o
Q = 0.72 x -£(1.52!+)2 ^ x9•807x10x3600 ^25.bxlO 2 i).39bh3
Q = 555. 98 ô739U~xli3 (7.1)
The slope of the L.S. line for the Annubar set is less than 
1 , the percentage differences from its flow rate values to those given 
by orifice plate are :
Max. percentage difference : 5.1$
Min. percentage difference : 3.8$
The differences decrease when flow rate values increase.
The standard deviation from the least-squares line between 
the two flow rates for the set of TO points (U-tube manometer) and 
that for the set of 50 points (Eagle Eye D.P. meter) are found from 
the least-squares programs as follows :
SD1 = 10 .3731 (70-point set)
Sr>2 = 5.9612 (50-point set)
7.3 GRAPHICAL PRESENTATION OF LEAST-SQUARES RELATIONSHIP
A subroutine is written for each least—squares program to 
plot all experimental points (X,Y) and to draw the least-squares line 
containing all points (X,YF) where YF is the least-squares fitted 
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rates from the data of the 70-point set and the 50-point set.
Figs. 7.1 and 7.2 show the least-squares line and all points 
plotted by the pressure difference values for the two sets of data 
while Figs, 7*3 and 7*̂ - show the relations through flow rates given by 
both devices on the same unit.
The least-squares relationship can he further represented on 
graphical form by the plotting of vertical error bars which are assumed 
to be symmetrical about all the points. All deviations of Y from the 
fitted YF values are plotted as vertical bars symmetrical about the YF 
values.
Let YW be the deviations of Y from YF :
YW(I) = Y(I) - YF(I)
then
IF (YW(I) <  0.) YW(I) = -YW(I)
thus the error bars are plotted symmetrically about the 
fitted line as shown in Figs. 7*5 and J. 6  for the two sets of results 
on their flow rate values.
Both flow rate values given respectively by orifice and 
Annubar can now be plotted against the pressure differences given by 
the Annubar to show the comparison of the readings given by both devices 
or the reading of the Annubar in reference to the orifice plate. To 
obtain a straight-line relationship, square-root values of pressure 
differences are taken. If the orifice plate values are taken as the 
true flow rates, then the plot would represent a calibration chart where 
vs Q2 line as manufacturers ’ curve and vs Q1 as a true
corrected line from which calibration constant can be obtained. These 
plots are shown in Figs. 7*7 and 7*8 for the 70-point set and the 50-
199.
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point set, respectively.
In Fig. 7.9, the correction factor C in flow rates given by 
the Annuhar in reference to those given hy the orifice plate is plotted 
against the square roots of the Annuhar pressure differences measured 
hy the Eagle Eye meter where C is defined as :
C = Q(Orifice) / Q(Annuhar)
l.b EFFECTS OF PORTS ON MEAN FLOW
The exercise of blocking a number of ports on the upstream 
tube of the Annubar flow sensor serves the purpose of testing the 
validity of the Annular averaging principle when each flow in each 
annulus is measured individually.
The least-squares program for H in Section 7*2.1 provides 
the ten fitted values for Annubar pressure differences as flow rates 
are set at ten constant values corresponding to orifice plate pressure 
differences at 100, 200, ... to 1000 mm-Hg. These ten values for each 
set of experiments are used in this section to compare the individual 
flow to the mean flow. The square-root values of these pressure 
differences will be used as they are directly proportional to Q.
Q ~  V
Q ^  fh
As seen in Table 7.1, the first series of experiments, 13 
sets of readings give 13 least-squares linear relationships. These 
slope and intercept values can be used as data to a new program
which calculates the ten least-squares values 
for each set by setting : .
Y(l) = A(l) + A(2) X(I)
201.
where X(l) = 100, 200, 300, ..., lOOOmm-Hg.
Square-roots of Y(l) is then taken for each set in order to 
make comparison between individual and mean flows.
For example: For h^ = lOOOmmHg.
-*-Set 1: U ports open: Mean flow Q /v \lh~.mean V 1
-»Sets 2,3.*K5: Mean flow rv |jĥ  + ]jĥ + ]jĥ + ||ĥ  
(Single-port measurement s)
lean - x 100 = -0.126
lean
Thus the sum of (individual flow x appropriate weight) is 
0.126% higher than the mean flow measured by Annubar element.
» Set 6: Ports 1,2 open on one side of pipe 
Mean flow Qg /v
lean ^6
Qmean
x 100 = -0.h91
Flow obtained by 2-port measurement (ports 1,2) is 0.^91%
higher than the mean flow measured by Annubar element.
If individual results are taken :
1
oj6 ̂  2 _^2 + \p3_
Q 6 ~  Q 6 100 =  - 0.82
Flow obtained by 2-port measurement (ports 1,2) is 0.82% 
lower than that obtained as the sum of (individual x weight) from two 
single-port measurements.
» Set 7: Ports 3,^ open on one side of pipe.
Mean flow Q,., a; |̂ĥ
- Qr-
^ ----1 X 100 = -0.886
hue an
202.
Flow obtained by 2-port measurement (ports 3,̂ -) is 0.886% 
higher than mean flow obtained by Annubar element.
If individual port readings are taken:
Qt -
QI x 100 = 1.93
Flow obtained by 2-port measurement (ports 3,̂ -) is 1.93% 
higher than that obtained as the sum of (individual x weight) from two 
single-port measurements.
Mean flow by 2 double-port measurements:
Q6T'V 2 
lean ^67
F  + fir
x 100 = -0.688
lean
The mean flow by 2 seperate double-port measurements (l, 2 
and 3, b) is 0.688% higher than mean flow obtained by Annubar element.
-frSet 8: Ports 29k open,
not symmetrical about pipe axis. 
Mean flow Qg /v Jh^
lean ^8 x 100 = 0.812
ean
The mean flow obtained from 2-port measurement (ports 2,U)
is 0.812% lower than the mean flow obtained from Annubar element.





f k  +
x 100 = -1.89
8
is
The mean flow obtained from 2-port measurement (ports 2,U) 
1.89% lower than that obtained as the sum of (individual x weight)
from two single-port measurements.
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-frSet 9: Ports 2,3 open,
symmetrical about pipe axis.
Mean flow /v
Compare to individual readings :
+ f i
-2—— 2 x 100 = 0.886
Q9
The mean flow obtained from 2-port measurement (ports 2,3) 
is 0.886% higher than that obtained as the sum of (individual x weight) 
from two single-port measurements.
-frSet 10: Ports 1,U open,
symmetrical about pipe axis.
Mean flow /v ^h^Q
Compare to individual readings :
7 LVh5 + v 2
Q m  - Q-!&10 10L x 100 = 0.976
Qi0
The mean flow obtained from 2-port measurement (ports l9k) 
is 0.976% higher than that obtained as the sum of (individual x weight) 
from two single-port measurements.
-*-Set 11: Ports 1,3 open,
not symmetrical about pipe axis.
Mean flow Q ^ a/ ^11 
- Q-lean TLl x 100 = -0.31
lean
is
The mean flow obtained from 2-port measurement (ports 1,3) 
0.31% higher than thevmean flow obtained by Annubar element.
Compare with individual readings :
'2 0 k.
Qll~ + p 3 _
Q11 Qi i
Q x 100 = 1.1211
The mean flow obtained from 2-port measurement (ports 1,3) 
is 1 .12# higher than that obtained as the sum of (individual x weight) 
from two single-port measurements.
-*-Set 12: Ports 1,2,3 open,
Mean flow yh-^
- Q-lean 12 x 100 = -2.53
lean
The mean flow obtained from 3-port measurement (ports 1,2,
3) is 2.53# higher than the mean flow obtained from Annubar element.
Compare with individual readings :
1
Qi2 ~  3 [^ 5 + ffc + p3_
Q12 “  Q12
Q x 100 = 1.0912
The mean flow obtained from 3-port measurement (ports 1,2, 
3) is 1 .09# higher than that obtained as the sum of (individual x 
weight) from 3 single-port measurements.
-frSet 13: Ports 1,2,U open,
Mean flow ^ llhp3
lean ^13
lean
x 100 = 6.19
The mean flow obtained from 3-port measurement is 6.19#
lower than the mean flow obtained from Annubar measurement.
Compare with individual readings :
1





The mean flow obtained from 3-port measurement is X.̂ 2.% 
iQyer than that obtained as the sum of (individual x weight) from the 
three single-port measurements.
The program calculates all values in the above example for 
ten different flow rate values corresponding to = 100, 200, ..., 
1000 mm-Hg.
7.5 EVALUATION OF FLOW PROPERTIES
With the experimental results obtained from the four single­
port measurements and the ten-point traverse, theoretical flow theory 
can be applied to determine some of the flow properties within the 
pipe. Both the 1/n-th power law and the universal log law of velocity 
distribution for turbulent flow are used for both sets of data.
7-5.1 THE 1/N-TH POWER LAW
Results from four single-port measurements are applied to
the l/n-th power law of velocity distribution in order to find n, the
turbulent flow index and hence the pipe factor u /u .mean max
Recall the 1/n-th power law :
u = (n _ L ) 1 / 11 =
u V R; Vmax
Taking log to obtain linear form :
In u = In u + —  In (-£-) (7 .2)max n R









The velocity u can be calculated from the differential
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pressure at the point of measurement ;
u = ||5gh
where h is the pressure difference across the Annubar at any 
point along the pipe diameter.
Using orthogonal polynomial least-squares curve fitting 
package, the program for the evaluation of flow properties based on 
data at U points is written to calculate the turbulent flow index n, 
maximum velocity at the pipe axis and other properties. The previous 
least-squares program is modified with some additional statements 
based on the following relations :
where h^
and
Y = In u = In 
1
(2gh)1/2
.-32 In (2 x 9* 807 x 1 .96  ̂x 10 xh^)
is in mm-Br^C^H^.
X = J  lnh - 1.6283
X = In (i)
(7.3)
(7.1*)





V e = 0 .1 11 9
(These are positions of b ports on the Annubar upstream
element)
and U0 values of Y in terms of h2 since there are b values 
at each flow rate setting ranging from h^ = 100 mmHg to h^ = 1000 mmHg. 
These values of h^ were previously calculated from the least-squares
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Fig . T . 1 2 : Variations in Friction Factor with a Range of Reynolds Numbers for All Traverse
Tests, According to l/n-th Power Law.
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From the least-squares package :
Intercept = A(l) = B = In umax
umax = exp(A(l))
Slope = A(2) = A = n
n = 1/A(2) (7.5)
Hence the pipe factor is calculated :
2
PF = 2n(n + l) (2n + l)
Then
umean u x PF max
= K x A x u lean g mean
= 0.878 x-|(l.52h) 2 x 10 x 60 u
where u is in m/s and Q is in l/min.
mean
Q = 960.96 x umean mean








-6 2where 0  = 1 .00  ̂x 10 m /sec.
k x Q x 10 ^/60 mean
-6
Re, (7.7)
TI x . 152U x 1.00U x 10
_ 138.688 0D mean
The friction factor can now he calculated using Blasius
formula for smooth pipe :
0.3l6_ (7 .8)f =
Re 1 /kD
The relationships between ReDand other properties are plotted 
as seen in Figs. 7*10» 7»11 &nd 7*12. The ranges of these values which
211.
correspond to ten flow rate values can be summarised below :
- Turbulent flow :index n : 8.5 —  13
- Pipe factor PF : 0.8  ̂—  0.89
- Mean flow rate Q =mean 381 1256 LPM 
k5.3x10 — 1.7:- Reynolds number ReD =
- Friction factor f : 0.02 — *-0.015
The l/n-lsuv also applies to calculate flow properties by
yusing the data from the 10-point traverse tests. Each value of — alongn
the radius of the pipe corresponds to 10 values of differential 
pressures at ten flow rates. The relationships between Re^ and other 
properties are as seen in Figs. 7*10, 7*11 and 7.12 and the summary 
of their ranges are shown below:
- Turbulent flow index n : 13 :
- Pipe factor PF : 8.96 -H
- Mean flow rate Snean ’ h31 — - 
6 x I0 k- Reynolds number ReD :
- Friction factor f : 0.02 —3
With this set of data, values of h \
^ 1 .8 x 10' 
0.015
Eagle Eye D.P. meter, thus unit of h is inH 0 x 0.39^. Equation (7*3)
now becomes
Y = In [(2gh)1/2]
= ì  In (2 x 9.807 x 0.39^ x 25.^ xl0_3xh )
2 *-?
= ì  (in h, - 1 .6282)
C. $
Y = lnh, - 0.81U1 2 à (7.9)
7;5.2 THE UNIVERSAL L00 LAW






= 1 + |/f (1.33 - ̂ =rln|)
or:
u = umean + u JF(1.33 - —  ln-) mean ' Ær y (T-1 0)
This equation appears in a linear form Y = B + AX where : 
Y = u where n = ]/2gh
B = umean
A = u ][f mean '
X = 1.33 - 0.8839 ln-y
From the least-squares package :
Intercept = A(l) = B = umean
(7.11)
(7.12)
Slope = A(2) = A = umean
Hence :
/  A_(. 2 ) n
CA(l)j (7.13)
From which :
u = u + 1.33 u iff"max mean mean ’
u = u (1 + 1.33 iff)max mean
and :
u 1
Pipe factor = PF = mean
(7 .i>t)
(7 .1 5)umax 1 + 1.33 iff
The mean flow rates are calculated using equation (j.6 ) 
above. The Reynolds numbers are calculated using equation (7*7)*
How assume the pipe is commercial steel with standard rough­
ness €= 0.00015 ft, its relative roughness would be :
k = —  = Q-°Q°15_ = 2.5 x 10"5
D 6
The friction factor f can now be read out from the Moody 
diagram shown in App. F , or alternatively, it can be calculated
+ 4 -P o ìs J T  
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using the Colebrook equation, as presented hy Streeter (33), which is 
the graphical representation of the Moody diagram (.Appendix F).
An empirical transition function for commercial pipes for 
the region between smooth pipes and the complete turbulence zone has 
been developed by Colebrook :
—  = -0.86 In (7 .16)
if J}' 1 Re if
which is the basis of the Moody diagram.
An empirical, explicit form of the Colebrook equation which
b -5 € ,closely approximates it for values of Re^ > 10 and 1 x 10 < — <0.04















The relationships between Re^ and other properties are shown 
in Figs. 7.13 and 7-1^. A summary of the ranges of these values can be 
seen as follows :
- The U-point set :
Friction factor f : 0.018 — 0.0075
Pipe factor PF : 0.85 “^ 0.89
Mean flow rate Q : 380 —*■ 125^ LPM mean
Ij. 5
Reynolds number Re^ : 5 x 10 1.7 x 10
Friction factor by Colebrook eqn. fM : 0.02 0.0l6
216,
- The 10-point set :
Friction factor f : O.OO7 — ► 0.003
Pipe factor PF : O .89 O .92
Mean flow rate Qmean : U30 -^13^0 LPM
U c: : 6 x 10 — ^ 1 .8 6x 10^Reynolds number EeD
Friction factor by Colebrook eqn, f : 0.02 — 3-O.OI6
The standard deviations from the least-squares lines are 
also calculated and the values corresponding to the highest flow rate 
(h^ = 1000 mmHg) are listed in Table 7*5 below,
TABLE 7.5
STANDARD DEVIATIONS FROM LEAST-SQUARES LINES, 
FOR BOTH THEORETICAL VELOCITY DISTRIBUTIONS 
h  ̂ = lOOOmmHg
DISTRIBUTION
1/N-TH POWER LAW 
1/N-TH POWER LAW 
UNIVERSAL LOG LAW 
UNIVERSAL LOG LAW





I.605O x 10 
3.9027 x 10 






Values corresponding to other flow rates are shown in 
Appendix E.
For the traverse test results shown in Table 6.5*1» where 
flow rate is kept constant and corresponds to orifice plate manometer 
deflection of h^ = 506 mm-Hg or Q^ = 819 LPM the evaluation program 
gives the following values :
(i) l/n-th power law is assumed :
- Turbulent flow index n = 20.^3
- Pipe factor PF = 0.930
- Mean flow rate Q, = 960 LPMinean
2 1 7,
- Reynolds number Re^ = 1.33 x 10
- Friction factor f = 0.016
The relationships between Re^ and other properties are 
previously seen in Figs. 7.10, 7.11 and 7.12.
(ii) Universal log law is assumed :
5
- Friction factor f = 0.0032
- Pipe factor PF = 0.930
- Mean flow rate Qmean = 959 LPM
- Reynolds number ReD = 1 .3 3 x 10
- Friction factor
by Colebrook eqn. fM = 0.017
The relationships between Re^ and other properties are 
previously seen in Figs. 7.13 and 7.1^.
The standard deviations for the least-squares lines for both 
1/n-th power law and universal log law are also calculated as listed 
below :
- l/n-th power law : SD = 8.̂ 69̂ - x 10 ^
- Universal log law : SD = 8.5993 x 10
The data for the traverse test of 20 points was used in the 
least-squares fitting package as seen above to evaluate flow properties. 
Since the maximum value of is 1, i.e. from the wall to the radius of
the pipe, the data from the top half of the pipe had to be put in the
same half as the bottom ones, assuming symmetry of flow exists, so 
that :
o <
The top half and bottom half of the pipe relative to the
2 1 8 .
P o s i t i o n  o f  t h e  A n n u l a r .
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position of the Annular is shown in Fig. 7.15*
Now if the two halves are analysed seperately the results 
will he practically closer to the actual values of the flow properties 
being evaluated.
The above least-squares program will be run twice for two 
different ten-point sets at a flow rate equivalent to that of an 
orifice plate deflection h^ = 506 mmHg. The results are summarised 
below :
(a) The bottom half of the nine :
(i) l/n-th power law :
- Turbulent flow index
- Pipe factor
- Mean flow rate Q,
- Reynolds number
- Friction factor
(ii) Universal log law :
- Friction factor
- Pipe factor












2 2 .kj 
0.936 
962 LPM





1 .3 3 x 105
by Colebrook eqn. f = 0.017M
(b) The top half of the pipe :
(i) l/n-th power law :
- Turbulent flow index n = 18.73
- Pipe factor PF = 0.925
- Mean flow rate Q, = 958 LPMhue an
220.
- Reynolds number ReD = 1 .3 3 x 105
— Friction factor f = 0,017
(ii) Universal log law :
- Friction factor f = 0.00U
- Pipe factor PF = 0.92U
- Mean flow rate Q = 956 LPM mean -
- Reynolds number ReD = 1.33 x 105
- Friction factor by Colebrook eqn. f = 0.01TM
7.5*3 CORRECTION TO PRESSURE DIFFERENCES
The pressure differences given by the U—tube manometer in 
unit of mm of water-on-Br^C^H^ for the point port-blocking tests 
differ from those measured by the pitot cylinders with the Eagle Eye 
meter. Thus, for unique results, these U-tube readings need to be 
corrected to the accuracy of the Eagle Eye meter. The correction 
procedure is as follows :
Recall the two least-squares programs for flow rates given 
in Sub-section 7.1.2. The flow rates given by the Annubar through the 
U-tube manometer and through the Eagle Eye meter correcponding to ten 
fixed values of flow rate given by the orifice plate are listed in 
Table J. 6  below :
TABLE 7.6
FLOW RATE VALUES GIVEN BY DIFFERENT MANOMETERS 
h^ : Pressure difference across orifice plate, 
mm water-on-mercury.
: Flow rate by orifice plate,
LPM.
Qy : Flow rate by Annubar through U-tube manometer,
LPM.




100 3 6 k 300 3^7
200 515 hk2 ^92
300 631 550 603
Uoo 728 6Ul 697
500 8lU 721 780
600 892 79U 855
700 96*1 86l 9 2 k
800 1030 923 988
900 1093 981 10U8
1000 1152 1037 1105
R ecall the flow -rate equations (.3.90) and (7.1)  from U-tube 
manometer and Eagle Eye meter pressure differences, respectively. Now 
the pressure differences can he calculated from the flow rates as 
follows :
hE
Pressure diffem ce hy U-tube manometer, 
mm water-on-Br^C^H^•
Pressure difference hy Eagle Eye meter, 















( 7 - 20 )
I f  a least-squares f it t in g  package is  applied here where :
X = abscissa = h^
Y = ordinate = h^
then the lin e a r relatio n sh ip  between these two pressure 
differences w ill provide the correction factor for the U-tuhe readings
OQO C..C C- ,
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corresponding to the accuracy of the Eagle Eye meter.
From the least-squares method :
hE fitted “ + hU (T.21)
where A(l) and A(2) are the intercept and slope of the least-
squares line shown in Fig. 7-16.
Therefore the corrected values for U-tube manometer pressure 
differences can he calculated according to equation (7*21). That is :
^corrected = A(l) +A(2)hU (7'22)
By numerical values :
corrected = 0.20U6 + 0.2196 h,, (7.23)
The program in Sub-section 7.5*1 and 7*5.2 are re-run for 
the corrected values of h^. The corresponding results are summarised 
below :
(i) The 1/n-th power law :
- Turbulent flow index n
- Pipe factor PF









UU7 — ^ 13^3 LPM
k 5
6.2 x 10 1 .9 x 10^
0.02 — *- 0.015
(ii) The universal log law
- Friction factor f : 0.018 0.0072
- Pipe factor PF : 0.87 — ^ 0.89
- Mean flow rate Q :: kk6 —  13^0 LPMmean
: 6,2 x 10  ̂— ** 1.8- Reynolds number ReD 
- Friction factor
by Colebrook eqn. f :M  0.009 — ^0.015
22k.
The relationships between Re^ and other properties are 
previously seen in Figs. 7.10, 7.11, 7.12, 7*13 and 7.1^ for 1/n-th 
power law and universal log law.
Denote Q ^ q as the mean flow rate evaluated by the 1/n-th 
power law for the U-points where the readings have been corrected to 
the accuracy of the Eagle Eye meter.
Denote Q-̂ q^ as mean flow rate evaluated by the 1/n-th 
power law for the 10-point test.
A comparison of these two verifies the need for a correction 
in pressure differences to the accuracy of the Eagle Eye meter where :
13^2 LPM
and Q10N = 13k3 LPM
All flow rate values corresponding to h^ = 1000 mmHg and 
h^ = 500 mmHg across the orifice plate can be tabulated in Table 7*7 
below :
TABLE 7-7
ALL FLOW RATE VALUES MEASURED&CALCULATED BY DIFFERENT METHODS
Q1 : Orifice plate flow rate.
Q2 : Annubar flow rate.
: Flow rate calculated by l/n-th power law on 
U-point measurements.
: Flow rate calculated by l/n-th power law on 
l|-point measurements with unit corrected to 
Eagle Eye meter accuracy.
: Flow rate calculated by Universal log law on 
1+-point measurements.
Q^lc : Flow rate calculated by Universal log law on 
U-point measurements with unit corrected to 
Eagle Eye meter accuracy.
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SORT (H) -H: I
F i g .  7 . I T : V e l o c i t y  D i s t r i b u t i o n  R e p r e s e n t e d  b y  R e a d in g s  a t  k a n d  
1 0  P o i n t s  A lo n g  t h e  D ia m e t e r  a n d  R a d iu s  o f  t h e  P ip e  , 
R e s p e c t i v e l y .
2 2 6 .
dp : i t  -  f o i  fJT C.<yR. «.terres
^ ; \0 - poiMT
V— 4
H » IN H20
F i g .  T . l 8 : V e l o c i t y  D i s t r i b u t i o n  R e p r e s e n t e d  b y  R e a d in g s  a t  k
P o i n t s ,  C o r r e c t e d  t o  t h e  A c c u r a c y  o f  E a g l e  E y e  M e t e r ,
a n d  R e a d in g s  a t  1 0  P o i n t s .
227.
: Li. - Po 1 T 
4  : to- P o h J T
H- •. l o -  PotK/r
• S . 2 1.2 1.4 1.6 1.0 2.0
SORT (H)-Hs IN H20
F i g . 7 . 1 9 : V e l o c i t y  D i s t r i b u t i o n  R e p r e s e n t e d  b y  R e a d in g s  a t  :
-  k P o i n t s  A lo n g  P ip e  D ia m e t e r ;
-  1 0  P o i n t s  A lo n g  P ip e  R a d i u s ;
-  2 0  P o i n t s  A lo n g  P ip e  D ia m e t e r .
228,
Q n : Flow rate calculated by Universal log law on 
-LU-L
10-point measurements,
^20U : Flow ra_t:e calculated by l/n-th power law on 
20-point measurements.
Q2ol : Flow rate calculated by Universal log law on 
20-point measurements.
Unit of Q : Litres per Minute (LPM).












'J.'j.b PLOTTING OF TRAVERSING POINTS
The measurement of pressure differences at traversing points 
along the pipe diameter can be plotted to show the distribution of 
velocity in the pipe. The square roots of the velocity-equivalent 
pressure differences are plotted against the positions of the 
traversing points where the pressure differences are measured.
Fig. 7*17 shows the distribution of U-point blocking test 
and 10-point traverse readings along the pipe radius at a flow rate 
equivalent to orifice plate deflection h^ = 1000 mmHg (Q^ = 1152 LPM).
Fig . 7*l8  is  the same as that of Fig. 7-17 except the 
pressure differences of the point te st have been corrected to the 
accuracy of the Eagle Eye meter mentioned in  Sub-section 7*5*3.
Fig. 7.19 shows the distribution of U-point blocking test,
229.
F i g . 7 . 2 0 : V e l o c i t y  D i s t r i b u t i o n  R e p r e s e n t e d  b y  R e a d in g s  a t  :
-  b  P o i n t s  A lo n g  P ip e  D ia m e t e r ,  C o r r e c t e d  t o  
t h e  A c c u r a c y  o f  E a g le  E y e  M e t e r ;  ©
-  1 0  P o i n t s  A lo n g  P i p e  R a d i u s ; 4
-  2 0  P o i n t s  A lo n g  P ip e  D ia m e t e r .  +
230.
* y? ®u i«u &«=c* a •
VELOCITY U * MPS
'F i g . 7 . 2 1 : Smooth Velocity Distribution Curve Plotted from ^-Point
Measurement, According to l/n-th Power Law, for
Reference Flow Rate Equivalent to Orifice Plate




F i g ,  7 , 2 2 : S m ooth V e l o c i t y  D i s t r i b u t i o n  C u r v e  P l o t t e d  fro m  U - P o in t  
M e a s u re m e n t , A c c o r d i n g  t o  l / n - t h  P o w e r L a w , f o r  
R e f e r e n c e  F lo w  R a t e  E q u i v a l e n t  t o  O r i f i c e  P l a t e  
D e f l e c t i o n  h ^  = 5 0 0  mrrulg.
232.
cc
Fig z 7 « 2 3 : Smooth Velocity Distribution Curve Plotted from U-Point
Measurement, According to Universal Log Law, for
Reference Flow Rate Equivalent to Orifice Plate




F i g . 7 . 2 U : Smooth Velocity Distribution Curve Plotted from U-r-Point
Measurement, A c c o rding to Universal Log Lav, for
Reference F l o w  Rate Equivalent to Orifice Plate
Deflection = 500 mmHg.
VELOCITY LUMPS
F i g . 7 . 2 ^ : Sm ooth V e l o c i t y  D i s t r i b u t i o n  C u r v e  P l o t t e d  fro m  ^ - P o i n t  
M e a s u re m e n t , W it h  R e a d in g s  C o r r e c t e d  t o  t h e  A c c u r a c y  o f  
E a g le  E y e  M e t e r ,  A c c o r d i n g  t o  l / n - t h  P o v e r  L a v ,  f o r  
R e f e r e n c e  F lo w  R a t e  E q u i v a l e n t  t o  O r i f i c e  P l a t e
Deflection h^ = 1000 mmHg.
235.
VELOCITY Ue MRS
F i g . T .2.6: Sm ooth V e l o c i t y  D i s t r i b u t i o n  C u r v e  P l o t t e d  fro m  ^ P o i n t  
M e a s u re m e n t , W it h  R e a d in g s  C o r r e c t e d  t o  t h e  A c c u r a c y  o f  
E a g le  E y e  M e t e r ,  A c c o r d i n g  t o  l / n - t h  P o w e r L a w , f o r  
R e f e r e n c e  F lo w  R a t e  E q u i v a l e n t  t o  O r i f i c e  P l a t e
Deflection h^ = 500 mmHg.
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10-point traverse and 20-point traverse readings at a flow rate 
equivalent to an orifice deflection = 500 nnnHg (Q^ = 8lH LPM)
Fig. 7.20 is the same as that of Fig. 7-19 except the 
pressure differences of the U-point test have heen corrected to the 
accuracy of the Eagle Eye meter mentioned in Sub-section 7*5.3.
Smooth curves for these flow profiles can also be plotted by 
using the least-squares fitting package. The following Figures are the 
least-squares plots of profiles of the three different tests: U-point, 
10-point and 20-point:
Fig. 7.21: Smooth velocity distribution curve from b points 
(U-tube readings). Flow rate equivalent to h^ = 1000 mmHg. Velocities 
calculated by 1/n-th power law.
F ig . 7.22: Smooth v e lo c ity  d istrib u tio n  curve from U points 
(U-tube readings). Flow rate equivalent to h^ = 500 mmHg. V e lo citie s 
calculated by l/n -t h  power law .
Fig. 7.23: Smooth velocity distribution curve from b points 
(U-tube readings). Flow rate equivalent to h^ = 1000 mmHg. Velocities 
calculated by universal log law.
Fig. 7.2U: Smooth velocity distribution curve from b points 
(U-tube readings). Flow rate equivalent to h^ = 500 amiHg. Velocities 
calculated by universal log law.
Fig. 7.25: Smooth velocity distribution curve from k_EQigkg 
(corrected to Eagle Eve accuracy as seen in Sub-section 7*5.3). Flow 
rate equivalent to h = 1000 mmHg. Velocities calculated by l/n-th 
•power law.
Fig. 7.26: Smooth velocity distribution curve from b points
237.
VELOCITY LUMPS
F i g .  7 - 2 7 : Sm ooth V e l o c i t y  D i s t r i b u t i o n  C u r v e  P l o t t e d  fro m  U - P o in t  
M e a s u re m e n t , W it h  R e a d in g s  C o r r e c t e d  t o  t h e  A c c u r a c y  o f  
E a g le  E y e  M e t e r ,  A c c o r d i n g  t o  U n i v e r s a l  L o g  L a w , f o r  
R e f e r e n c e  F lo w  R a t e  E q u i v a l e n t  t o  O r i f i c e  P l a t e






F i g .  7 . 2 8 : S m ooth V e l o c i t y  D i s t r i b u t i o n  C u r v e  P l o t t e d  fro m  H - P o in t  
M e a s u re m e n t , W it h  R e a d in g s  C o r r e c t e d  t o  t h e  A c c u r a c y  o f  
E a g le  E y e  M e t e r ,  A c c o r d i n g  t o  U n i v e r s a l  L o g  L a v ,  f o r  
R e f e r e n c e  F lo w  R a t e  E q u i v a l e n t  t o  O r i f i c e  P l a t e
Deflection lî  ~ pOO imnHg.
239.
VELOCITY LUMPS
•Fig, T . 2 9 : Smooth Velocity Distribution Curve for the 10-Point
Measurement, According to the l/n-th Power Law, for
a Reference F l o w  Rate Equivalent to Orifice Plate
Deflection h^ = 1000 mmHg.
2 h 0 .
VELOCITY Uo MRS
F i g . 7.30: Smooth Velocity Distribution Curve for the 10-Point
Measurement, According to the 1/n-th Power Law, for
a Reference Flow Rate Equivalent to Orifice Plate
Deflection h^ = 500 mmïïg.
2 hl.
• o  • y  i • y  i » ez 4 * *-*
VELOCITY U »MRS
F i g . 7 * 3 1 : Smooth Velocity Distribution Curve for the 10-Point
M e a s u r e m e n t , According to the Universal Log Law, for
a Reference Flow Rate Equivalent to Orifice Plate
Deflection h^ = 1000 mmHg.
2h2.
Fig;. 7. 3 2 : Smooth Velocity Distribution Curve for the 10-Point
Measurement, According to the Universal Log Law, for
a Reference Flow Rate Equivalent to Orifice Plate















7 » -3 3 • S m ooth V e l o c i t y  D i s t r i b u t i o n  C u r v e  fr o m  t h e  2 0 - P o i n t  
M e a s u re m e n t , A c c o r d i n g  t o  l / n - t h  P o w e r L a w , f o r  a  
R e f e r e n c e  F lo w  R a t e  E q u i v a l e n t  t o  O r i f i c e  P l a t e  
D e f l e c t i o n  h ^  = o 06  mmHg.
2kk.
(corrected to Eagle Eve accuracy„ as seen in Sub-section 7 .5 .3). Flow 
rate equivalent to h = 500 mmHg. Velocities calculated by l/n-th 
power law.
Fig. J.2J: Smooth velocity distribution curve from k points 
(corrected to Eagle Eye accuracy, as seen in Sub-section 7*5*3). Flow 
rate equivalent to h^ = 1000 mmHg. Velocities calculated by universal 
log law.
Fig. 7*28: Smooth velocity distribution curve from k noints 
(corrected to Eagle Eve accuracy, as seen in Sub-section 7*5*3). Flow 
rate equivalent to h^ = 500 mmHg. Velocities calculated by universal 
log law.
Fig. 7*29: Smooth velocity distribution curve from 10 noints 
(Eagle Eye readings). Flow rate equivalent to h^ = 1000 mmHg,
Velocities calculated by l/n-th power law.
Eig. 7*30: Smooth velocity distribution curve from 10 points 
(Eagle Eye readings). Flow rate equivalent to h^ = 500 mmHg. Velocities 
calculated by l/n-th -power law.
Fig. 7*31: Smooth velocity distribution curve from 10 points 
(Eagle Eye readings). Flow rate equivalent to h^ = 1000 mmHg.
Velocities calculated by universal log law.
Fig. 7.32: Smooth velocity distribution curve from 10 points 
(Eagle Eye readings). Flow rate equivalent to h^ = 500 mmHg. Velocities 
calculated by universal log law.
Fig. 7.33: Smooth velocity distribution curve from 20 points 
(Eagle Eye readings). Flow rate equivalent to h^ = 506 mmHg. Velocities 
calculated by l/n-th -power law.
?«*0







Fig. 7 . 3 ^ : S m ooth V e l o c i t y  D i s t r i b u t i o n  C u r v e  fro m  t h e  2 0 - P o i n t  
M e a s u re m e n t , A c c o r d i n g  t o  U n i v e r s a l  L o g  L a w , f o r  a  
R e f e r e n c e  F lo w  R a t e  E q u i v a l e n t  t o  O r i f i c e  P l a t e  
D e f l e c t i o n  h ^  = 5 0 6  mmHg.
2k6.
F i g . 7 . 3 5 '- S m ooth V e l o c i t y  D i s t r i b u t i o n  C u r v e ,  fro m  1 0  P o i n t s  
on B o tto m  H a l f  o f  t h e  P ip e  o f  t h e  2 0 - P o i n t  M e a s u r e ­
m e n t, A c c o r d i n g  t o  l / n - t h  P o w e r L a w , f o r  a  R e f e r e n c e  
F lo w  R a t e  E q u i v a l e n t  t o  O r i f i c e  P l a t e  D e f l e c t i o n  
h ^  = 50 6  mmHg.
sUt .
E .ig . 7 . 3 6 : S m ooth V e l o c i t y  D i s t r i b u t i o n  C u r v e ,  fr o m  1 0  P o i n t s
on T o p H a l f  o f  t h e  P i p e  o f  t h e  2 0 - P o i n t  M e a s u r e m e n t , 
A c c o r d i n g  t o  l / n - t h  P o w e r L a w , f o r  a  R e f e r e n c e  F lo w  
R a t e  E q u i v a l e n t  t o  O r i f i c e  P l a t e  D e f l e c t i o n  
h ^  = 5 0 6  mmHg.
2148.
F i g . 7 - 3 7 : Sm ooth V e l o c i t y  D i s t r i b u t i o n  C u r v e ,  fro m  1 0  P o i n t s  
on B o tto m  H a l f  o f  t h e  P ip e  o f  t h e  2 0 - P o i n t  M e a s u r e ­
m e n t, A c c o r d i n g  t o  U n i v e r s a l  L o g  L a v ,  f o r  a  R e f e r e n c e  
F lo w  R a t e  E q u i v a l e n t  t o  O r i f i c e  P l a t e  D e f l e c t i o n  
h ^  = 50 6  mmHg.
2h9.
__7» 3 8 : S m ooth V e l o c i t y  D i s t r i b u t i o n  C u r v e ,  fro m  1 0  P o i n t s
on To p H a l f  o f  t h e  P ip e  o f  t h e  2 0 - P o i n t  M e a s u r e m e n t , 
A c c o r d i n g  t o  U n i v e r s a l  L o g  L a w , f o r  a  R e f e r e n c e  F lo w  
R a t e  E q u i v a l e n t  t o  O r i f i c e  P l a t e  D e f l e c t i o n  h ^  = 50 6
mmHg.
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Fig. 7.3U: Smooth velocity distribution curve from 20 points 
(Eagle Eye readings). Flow rate equivalent to h^ = 506 mmHg. Velocities 
calculated by universal log law.
Fig. 7*35: Smooth velocity distribution curve from 10 -points 
on bottom half of pipe (Eagle Eye readings). Flow rate equivalent to 
h^ = 506 mmHg. Velocities calculated by l/n-th power law.
Fig. 7.36: Smooth velocity distribution curve from 10 points 
on top half of pipe (Eagle Eye readings). Flow rate equivalent to 
h^ = 506 mmHg. Velocities calculated by l/n-th power law.
Fig. 7«37: Smooth velocity distribution curve from 10 -points 
on bottom half of pipe (Eagle Eye readings). Flow rate equivalent to 
h^ = 506 mmHg. Velocities calculated by universal log law.
Fig. 7*38: Smooth velocity distribution curve from 10 points 
on top half of pipe (Eagle Eye readings). Flow rate equivalent to 
h^ = 506 mmHg. Velocity calculated by universal lop; law.
From the 20-point traverse plot in Fig. 7*15» it is noted 
that the last point on the top half of the pipe (i.e. ■— = 0,1119 from 
the top wall) has reading slightly out of range, i.e. not comparable 
to that of k and 10 point tests. In fact the accuracy of this reading 
is in question due to a slight imperfection at the end of the pitot 
cylinder which limits its insertion right through the final position 
closest to the top wall. Hence, if the reading at this point is deleted 
from the data, the final results would be summarised as follows :
19 points (10 on bottom half + 9 °*i top half)
(i) l/n-th -power law :
- Turbulent flow index n = 19*83
251.
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VELOCITY U »MRS
F i g . 7 . 3 9 : Sm ooth V e l o c i t y  D i s t r i b u t i o n  C u r v e  fr o m  t h e  2 0 - P o i n t  
M e a s u re m e n t , E x c e p t  t h e  L a s t  P o i n t  N e a r  t h e  T o p W a l l ,  
A c c o r d i n g  t o  l / n - t h  P o w e r L a w , f o r  a  R e f e r e n c e  F lo w  




F i g^ 7 . ^ 0 : S m ooth V e l o c i t y  D i s t r i b u t i o n  C u r v e  fro m  t h e  2 0 - P o i n t  
M e a s u re m e n t , E x c e p t  t h e  L a s t  P o i n t  N e a r  t h e  T o p W a l l ,  
A c c o r d in g  t o  U n i v e r s a l  L o g  L a w , f o r  a  R e f e r e n c e  F lo w  
R a t e  E q u i v a l e n t  t o  O r i f i c e  P l a t e  D e f l e c t i o n  h ^  = 5 0 6
mmHg.
253.
F i g . 7 . ^ - 1 : T h e o r e t i c a l  V e l o c i t y  D i s t r i b u t i o n  C u r v e s  fro m  l / n - t h
P o w e r Law f o r  n = 7 , 1 0 , 1 3 , 2 0 .
- Pipe factor PF = 0.929
- Mean flow rate Sa.ean =959 LPM
Reynolds number Re^ = 1.33 x 10'
- Friction factor f = 0.017
The u versus —  plot for smooth velocity distribution curve K
is shown in Fig. 7*39. Flow rate is equivalent to h^ = 506 mmHg,
(ii) Universal log law :
- Friction factor
- Pipe factor
- Mean flow rate 1
- Reynolds number
- Friction factor 
by Colebrook eqn.
y
f = 0.003 
PF = 0.928 
= 957 LPMlean
ReD = 1 .3 3 x 10'
f = 0.017HA
The u versus -1 plot for smooth velocity distribution curve R
is shown in Fig. 7.^0.
From the range of values of the turbulent flow index n, the 
theoretical velocity profiles corresponding to some values of n can be 
plotted by superimposing h profiles on the same graph in order to 
compare the differences with respect to variations in n. In Fig. 7«^lj 
four velocity profiles corresponding to n = 7>10,13 and 20 are plotted.
7.6 STATIC PRESSURE MEASURING TESTS
These tests actually measure the static pressure differences. 
Results presented in Tables 6.6.1 and 6.6.2 are of the same test, only 
the units of the static pressure differences are different. In Table
6 .6 .k9 the location of the wall tapping and the static tube is moved 
downstream of the orifice plate to produce new static pressure difference
255.
The friction factor of the pipe can he calculated from these pressure 
drops in a distance along the pipe.
The Darcy-Weishach equation gives :
t2






= AP x 5- x ̂ |  
L V








1.2 m = 1.2 x 3.28 ft
6 in
32.2 ft/sec'
U2 x (0.5 )̂  x 6 k.k
1.2 x 3.28 x 16 Q2 
AP
= 0.5 f t
2
f = 9106 h6
Q
(7.19)
and for results in Table 6 .6 .k where the distance between the static 
tube and the wall tapping is 1 i :
_ IT2 x (0.5 )2 x 6 h.h
“ p
1 x 3.28 x 16 Q
f = 1092775 AP
Q2
( 7 .2 0 )
Equations (7.19) and (7-20) are used in two least-squares 
programs to calculate the friction factors of the pipe at the two 
locations. The friction factors for the two different sections of the
pipe can be listed as follows (for h^ = 1000 mmHg):
256.
- Section upstream of orifice plate
f± = 0.003
- Section downstream of orifice plate
f2 = 0.015
The standard deviations from the two least-squares lines are:
-2
Denote
SD = 2.6l88 x 10’
SD2 = U.56UT x 10-2
P^ : Pressure measured by static tube.
Pressure measured by tapping hole,
P^ : Pressure measured by Annubar downstream 
tube.
P : Pressure measured by Annubar upstream tube,
S
T
From Table 6.6.5 a comparison can be made for calculated and 
measured values of P^ - P^ since :
P - P D = a
P - PT = b
where a & b are measured values. Subtraction gives :
PT " PD = a ~ b
Hence from Table 6.6.5» comparison can be made between 
measured and calculated value of the difference between wall tapping 
pressure and downstream tube as seen in Table 7.8.
257 •
TABLE 7.3
COMPARISON IN STATIC PRESSURE Q
ALL UNITS in in-HgO x 0.39^
a = P-PD b = P-PT a-b
calculated
p -p T D
directly
measured
1 0.5 0.5 0.U5
2 1.15 0.85 0.8
3.2 1.75 1.U5 l.k
U.25 2.3 1.95 1.9
5.15 3 2.15 2.15
6.25 3.55 2.7 2.7
7.3 U.15 3.15 3.15
8.35 >t.T5 3.6 3.6
9-b 5.3 U.l k.l
10.2 5.7 U.5 ^•5
Another comparison can he made from Tables 6.6.U, 6.6.5 and
6.6.6 between calculated and measured values of static pressure 
differences shown in Fig. 7*9? however, the corresponding D.P.s’ by 
orifice plate manometer are not the same.
P 0 - P_ = uS D
Pm - P^ = wT D
where u & w are measured values from Tables 6.6.6 and 6.6.5 
respectively.
Subtraction gives :
Ps - PT = P
which has been measured and listed in Table 6 .6 .h.
2 5 8.
TABLE 7.9
COMPARISON■BETWEEN STATIC PRESSURE ©
ALL UNITS in in-HgO x 0.39k
p - p S D P - P T D P - P S T
0.5 0.^5 0.05
0.9 0.8 0 . 1
1.55 l.U 0.15
2 .1 1.9 0.2




k . 6 k.i 0.5
5.2 k.5 0.7
T.7 ESTIMATIONS OF ERRORS
7.7.1 FLUCTUATIONS IN READINGS
All readings of pressure differences are taken as the mean 
of all the observed levels which fluctuate during measurement. The 
fluctuation in reading is the maximum positive and negative differences 
from the mean recorded value.
The fluctuations in readings of differential pressures from 
the orifice plate manometer, the U-tube manometer and the Eagle Eye 
D.P. meter are recorded as shown in Chapter 6.
If the experimental values and its fluctuations are fitted 
to a least-squares package, where :
X = abscissa = mean values.
Y = ordinate = magnitudes of fluctuations.
the slope of the least-squares line therefore represents the 
mean error in readings, assuming the intercept of the line negligible
259.
(i.e. line goes through origin).
These mean errors can he summarised as follows ;
- Orifice plate manometer pressure differences ;
X = Xe (1 * I5o>
where X^ represents the experimental values.
- Annubar D.P. recorded by U-tube manometer :
X = Xe (1 ± ¿ o ’
- Annubar D.P. recorded by Eagle Eye meter :
X = Xe (l ±
The percentage errors listed above are the approximated 
values of the slopes of the lines multiplied by 100. The real values 
of the slopes and intercepts of the above three least-squares lines 
are listed below :
- Orifice plate D.P. :
Slope : 0.00713
Intercept : O .51856
- Annubar D.P. by U-tube manometer :
Slope : 0.03683
Intercept : 0.1076U
- Annubar D.P. by Eagle Eye meter :
Slope : 0.01105
Intercept : 0.00016
7.7.2 ERRORS FROM METHOD OF LEAST-SQUARES
The "probable error", calculated from the standard deviation





where 0.67^5 : value corresponding to the Normal Law 
probability of 0.5«
(T : standard deviation, 
n ; number of observations.
The standard deviations and probable errors for all the 
least-squares lines are listed in Table T.10.
The standard deviations is calculated using the values of 
the ordinate Y and its fitted values YF as seen below :
(Y. - YF.; i ii=l
<r = n
TABLE T.1Û
Standard Deviations and Probable Errors
Resulting From Least--Squares Lines
Description of data Unit StandardDeviation
Probable
Error
Flow rates, 70-pt set LPM IO.373I 0.8363
Flow rates, 50-pt set 
(from Sect J.2)
LPM 5.9612 0.5686
7 .7 .3  OTHER SOURCES OF EXPERIMENTAL ERROR 
(i) In method of measurement
Errors could occur from the method of measurement and 
this may be the question of lag and lead. When a change is made in 
the value of one variable, any response of the other variable is never 
immediate. This effect is catered for by allowing the level in both 
manometers to settle before any measurement is taken at each value of
predetermined flow rate. The linear relationship between the two flow 
rates show that there is no appreciable lag or lead m  recording the
experimental values.
(ii) due to extraneous factors
Density and viscosity are affected by temperature from 
■which errors can be introduced. However, this can be considered 
negligible since water is the flowing fluid and there is no appreciable 
change in temperature when test runs are carried out, practically one 
after the other.
(iii) instrument errors
Main errors could occur through manometers. These can 
arise from incorrect zeroing, incorrect calibration, surface tension, 
friction losses, leakage, etc... The orifice plate manometer provides 
satisfactory results but the U-tube manometer for the Annubar reading 
is doubtful. The effect of surface tension is improved by using tetra- 
bromoethane as the manometer fluid which has a specific gravity of 
2.96U to replace the more common carbon tetrachloride (s = 1.59̂ -) which 
was found unsatisfactory for this particular manometer.
(iv) Errors in reading instruments
Precautions are taken to minimize these errors as much 
as possible. Levels of manometer fluid are taken as the average of the 
maximum and the minimum for each particular reading. The scale on the 
orifice plate manometer is satisfactory but parallax is a problem with 
the Annubar U-tube manometer since its scale is difficult to be in 
line with its left and right legs. This could result in error of up to 
±1 mm in each leg so that the maximum error of each reading is ±2 ram 
which is equal to one division on the scale.
(v) Human errors
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Errors in reading and tabulating data are minimised by 
careful preparation of the experiment, precalculate the expected 
values and set up tables to facilitate quick and accurate recording of 
experimental values.
Errors in arithmetic are minimised by performing all 
computations with the use of the digital computer and data are stored 
with the original units as recorded during the experiment,
(vi) Errors of abbreviation
These are errors which may be introduced as a result of 
the use of quantities which have been corrected to a shortened form, 
There are either physical constants used in calculation or the 
experimental values of variables. All physical constants used in the 
calculation have no more than k decimal places thus these errors are 
negligible.




D I S C U S S I O N  OF R E S U L T S
In Chapter 7 9 the results were computed using the experimental 
values listed in Chapter 6. The meaning and significance of these results 
will he discussed in this Chapter in order to access all aspects of the 
Annubar flow sensor which have been collected through a series of 
experiments.
As seen in Chapters 6 and J, there are two sets of data in 
different units for the pressure differences due to the use of two kinds 
of manometer, namely the U-tube manometer and the Eagle Eye D.P. meter. 
The accuracy of these manometers will be discussed and the applicability 
of the Annubar flow sensor on flow measurement will be examined.
8.1 COMPARISON OF RESULTS FROM TWO MANOMETERS
On the first series of tests, the differential pressures of 
the Annubar flow sensor were measured by the U-tube manometer with 
tetrabromo-ethane (Br^C^H^) as manometer fluid. This U-tube manometer, 
however, sometimes gave erroneous readings due to various factors : 
zeroing, equalizing, surface tension, dirt accumulation on top of 
menisci.
In the second series of tests, this U-tube manometer was 
substituted by the Eagle Eye Differential Pressure Meter (see Appendix 
G) which has some advantages over it such as easy installation and 
adjusting (zeroing + equalizing), easy reading, minimum fluctuation, 
no manometer fluid required because of the diaphragm design. The Eagle 
Eye meter thus gives more accurate readings than the U-tube manometer
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and it is therefore used in the second series of tests and all other 
tests remaining.
From the least-squares program for flow rates as in Section
7.2, the variation of the flow rate readings given by the Eagle Eye 
meter are closer to the orifice plate values than those given by the 
U-tube manometer. The Eagle Eye readings also has a smaller standard 
deviation from the least-squares line compared to that of the orifice 
plate readings where :
SD (U tube) = 10.373
SD (Eagle Eye) = 5.9&1
In terms of smallest division on the instrument, the Eagle 
Eye meter has a smaller division than that of the U-tube manometer. As 
seen in Chapter **, the smallest division of the Eagle Eye manometer is 
0.039*+ in-H^O where that for the U-tube manometer is 2 mm water-on- 
Br^C^H^, that is
2 x = 0.151(6 inH20
Thus the Eagle Eye meter is a more appropriate to use with 
the Annubar flow sensor than the U-tube manometer since it is easier to 
use and gives more accurate readings. However, since it was pre-calibrated 
for a full scale of 3.9*+ inH^O, it could give some errors especially in 
the region of high flow rates, above maximum reference value correspond­
ing to orifice plate pressure difference of h^ = 1000 mmHg.
8.2 THE AENUBAR AS A FLOW-RATE MEASURING DEVICE
The Annubar flow sensor, as seen from the experiments, gives 
consistent values of pressure differences corresponding to the pre­
determined flow rates through the orifice plate which are indicated by
265.
the pressure differences on the mercury U-tube manometer. The flow rates, 
calculated from the pressure differences by using the manufacturer’s 
equation (3.88), are slightly lower than those given by the orifice 
plate. The maximum percentage difference between the two, taking the 
Eagle Eye meter readings, is about 5%. As seen in Fig. 7.8, the two 
lines for Q1 and Q2 are not quite parallel, which indicates a 
proportionality factor C where C is slightly higher than unity as shown 
in Fig. 7*9 for the whole range of pressure differences. Hence, if the 
flow rates given by the orifice plate are taken as the true flow rates 
of the system, C would become the calibration constant for this 
particular flow system.
8.3 THE ANNUBAR AS AN AHMJLAR-AVERAGIHG SENSOR
As seen in theory, the Annubar is principally an extended 
design of the pitot tube with the application of the annular-averaging 
technique to give continuous readings of the mean flow. It employs a 
mathematical quadrature to determine the positions of  ̂ports with 
appropriate weights to sense the mean flow when spanning across the 
diameter of the flow.
In the series of port-blocking tests shown in Section 6.2, 
readings were taken for each individual port and group of ports to show 
the validity of the annular-averaging principle. Indeed, as seen in 
Section 7.  ̂of the previous Chapter, the sum of the individual readings 
at each port multiplied by their appropriate weights compares well with 
the reading of the mean flow being sensed by the interpolating tube 
(see Fig. 3.16) when the four ports were open and facing upstream.
The readings of the 2-port measurement on the same symmetrical 
half of the pipe also compare well with the reading of the mean flow.
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As seen in Section l.k, the percentage differences between these readings 
are less than 1%. Thus it seems sufficient to use the 2 ports arranged 
as above. However, the usage of k ports will account for cases of 
asymmetry of flow.
When readings were taken from 2 non-symmetrical port, one on 
each side of the pipe centre line, the same agreement is obtained. In 
other words, percentage differences to mean flow is less than 1%. This 
again is sufficient provided that the flow profile is symmetrical.
Readings from other tests such as those from two ports 
symmetrical about the centre line and from any combination of 3 ports 
show large differences to mean flow rate. The differences are due to 
lack of presentation of some annuli over the entire cross-section. From 
Section 7.^-5 3-port reading is lower than the mean flow when the 
third port on the other side of the centre line is the one near the 
wall (y/R = 0.1119) and higher when the third port is the one near the 
centre line (y/R = 0.5^03).
8.U. DETERMINATION OF FLOW PROPERTIES
As seen in Section 7.5s some properties of the flow system 
were evaluated by applying the two laws of velocity distribution in 
pipe flow to the readings obtained from individual-point measurements 
from the Annubar and the pitot cylinders. The data were fitted 
according to the velocity distribution laws and using the least—squares 
fitting method. Equations expressing the distribution laws were 
re-arranged into linear form, and the results given by the least-
squares package which are the slope and intercept of the least squares 
line, lead to the evaluation of flow properties.
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8.1+.1. THE POWER LAW
The least-squares package evaluates the two important 
properties of the 1/n-th power law, i.e. the turbulent flow index n and 
the maximum centreline velocity. This leads to the calculations of the 
pipe factor, mean velocity, mean flow rate, Reynolds number and friction 
factor.
For the point readings, the results do not agree well with 
the conventional value of n, i.e. n = J. Experiments by Nikuradse, as
O
quoted by Olson (27) 5 show that values of n vary from 6 at Re^ = 1+ x 10°
to 10 at Re^ = 3.2 x 10°. The high value of the turbulent flow index n
leads to higher value of pipe factor, i.e. ratio of mean to maximum
velocities, thus results in a higher mean flow rate - even higher than
that given by the orifice plate. For flow rate corresponding to
reference value (h^ = 1000 mmHg), the other two values which are given
by the Annubar measurement and calculated from the l/n-th power law
respectively, are seen as follows :
Q1 (by orifice plate) = 1152 LPM
Q2 (by Annubar) = 1105 LPM
Q (by l/n-th power law) = 1256 LPMmean
Firstly, the reason for the discrepancy between the mean flow 
rate given by the power law and the Annubar may lie in the flow rate 
equation given by Annubar manufacturer, i.e. equation (3.88). In this 
equation, it is given that the turbulent flow factor is 0.82, which 
corresponds to a turbulent flow index of n = 7 9 according to equation 
(3.l6). This assumption does not come into the range of n calculated 
here. However, if n = 7 is taken as the index, and from the calculated 
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Therefore :
Snean = Pipe Factor x Snax 
= 0.82 x 11*03
= 1150 LPM
This result agrees well with that given by the orifice plate. 
This would be a coincidence since the mean flow rate calculated from 
the power law is higher than those measured by the orifice plate and 
the Annubar.
For the ten-point traverse test, values of turbulent flow 
index n obtained from the power law are even higher than those for the 
l*-point readings. As seen in Sub-section 7*5-1» range of n for the 
10-point readings is well above that for the U-point readings. 
Consequently, the pipe factors are larger and so are the mean flow 
rates. These differences can be graphically seen in Fig. 7*16 as the 
readings are plotted versus the corresponding points for both the 
U-point and the 10-point tests.
Now if the readings for the four-point test are corrected to 
the accuracy of the Eagle Eye units as seen in Subsection 7.5*3, values 
of n only change for smaller flow rates but there is small change in n 
for larger flow rates. The differences in these results can be seen by 
the smooth velocity distribution curves in Figs. 7*21,7*25 and 7*29 
which are superimposed as shown in Fig. 8.1.
The least-squares method, by its nature, would give more 
accurate results for the ten—point test than the four—point test. This 
is shown by the values of standard deviation being calculated for each 
least-squares line on the whole range of flow rates for both tests.
The properties which have been evaluated according to the
270.
Fig. 8.2; Superposition of Smooth Velocity Distribution Curves 
from :
(f) -  1 0 - P o i n t  M e a s u r e m e n t ;
«  - 2 0 - P o i n t  M e a s u re m e n t .
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l/n-th power law therefore indicate that this particular flow system is 
a non-ideal flow system since the flow properties calculated are not in 
good agreement with the works hy many authors, e.g. Nikuradse as seen 
in Olson (27).
This fact is further demonstrated hy the results evaluated 
from the 20-point test through the l/n-th power law. These results, 
corresponding to a middle value of the range of flow rates, are closer 
to those given hy the 10-point test of Section 7*5. Figures 7.10, 7*11 
and 7*12 show the variations of these properties to a range of Reynolds 
number. In Fig. 7.10, values of turbulent flow index n increase with 
Reynolds number and they are higher with more points included in the 
traverse. For the ten-point traverse and U-point with readings corrected 
to Eagle Eye meter accuracy, the changes in n from U-point to 10-point 
measurements at each value of Reynolds number are almost constant, This 
suggests the consistency of the results. The pipe factor versus Re^ 
chart, shown in Fig. J.11, shows small increase in PF when Re^ increases. 
The smooth curve in Fig. 7.12 is formed by plotting all friction factors 
decrease as Reynolds numbers increase. Fig. 7*19 shows good agreement 
of results from the two tests on the bottom half of the pipe, except two 
points which are closest to the bottom and top pipe wall, i.e. y/R = 
0.1119* This is demonstrated by the superposition of Figures 7*30 and 
7.339 shown in Fig. 8.2, where the two smooth velocity distribution 
curves agree elsewhere except the region near the wall below the first 
measuring port.
If the readings are analysed seperately for the two halves, as 
shown in Sub-section 7*5.2, those of the top half give a closer value of 
turbulent flow index n to that of the ten-point test. This is due to the 
similarity in the way in which the readings are taken which can be
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explained as follows :
Recall the procedure of the 20^point traverse test, the pitot 
cylinder No 2 used in this test has its port located at y/R = 0.1119 
from the top wall when spanning across the diameter of the pipe while 
the pitot cylinder No 1 used in the ten-point test has its port located 
at the pipe centre-line when spanning across the pipe diameter. Thus 
for the 20-point test, the first ten-point on the bottom half of the 
pipe readings are taken when the downstream tube is not in the wake of 
the pitot cylinder. The readings from ten points on the top half there­
fore agree better with those obtained by the 10-point test on the bottom 
half of the pipe.
For the 20-point test, due to the design of the pitot cylinder, 
the readings at points near the centre-line region may be erroneous 
due to the three-dimensional flow over the tip of the upstream cylinder 
onto the downstream tube. This causes readings unsymmetrical about the 
centre-line, as shown in Fig. 7*19« Nevertheless, the reading at the 
centre-line agrees well with the value of the centre-line velocity 
calculated from the l/n-th power law as shown below :
From Table 6.5*1 :
h = 5*9 x 0.39*+ inHgO
_o 1/2
u = (2 x 9.807 x 10 : x 2 5^  x 5.9 x 0.39*+)
where u is in metre per second.
u = 1.076 MPS.
and the max. velocity as given by the l/n-th power law,through 
the least-squares vurve-fitting function, is :
u = 1 .07*+ MPS.max
In order to obtain a better agreement with the 10-point test,
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by deleting the reading of the last point closer to the top wall, a set 
of 19-point readings gives a value of turbulent flow index n closer to 
that of the 10—point set than the 20-point set, as seen in Sub-section
7.5.2.
It is seen from the experiments that for l/n-th power law of 
velocity distribution, values of n increase with the number of traversing 
points - thus lead to the higher mean flow rate value.
For four different values of n shown in Fig. 7*^1» the 
corresponding velocity profiles show the differences in the total flow. 
These differences are large in the region from the wall to about half 
way to the centre-line, i.e. 0< y/R<0.5. For the region O^^y/R^l? 
these differences reduce significantly. Therefore a mistake made in 
reading the points in the first region could cause a totally different 
profile - thus results in different mean flow rates,
8.U.2 THE UNIVERSAL LOG LAW
As seen through Sub-section 7*5.2 and Table 7*7» the flow 
properties and mean flow rates evaluated by the universal log-linear law 
agree well with those evaluated by the l/n-th power law as well as good 
agreement in smooth velocity distribution curves for both laws.
The log-linear law gives small values of friction factor 
compared with the values calculated by the Colebrook equation (7*16) 
from the Reynolds number and the assumed standard pipe relative rough­
ness. The friction factors calculated by the Colebrook equation agree 
well with those calculated by the Blasius formula using Reynolds numbers 
obtained from the mean flow rate given by the l/n-th power law. This 
agreement in flow factors is shown in Fig. 7-1^. For the universal log 
law, Fig. 7.13 shows slightly higher values of pipe factor than those
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for the l/n-th power law shown in Fig. J,11.
The least-squares method, when applied to the l/n-th power 
law, gives lower standard deviations from the least-squares lines than 
those given by the universal log law, as summarised in Table 7*5 in 
Chapter 7* The standard deviations given by the least-squares method 
indicate that the l/n-th power law gives more accurate results.
8.5 STATIC PRESSURE MEASUREMENTS
From the readings of static pressure at two different points 
along the pipe, the friction factors were calculated from the Darcy- 
Weisbach equation, i.e. equation (3.1). The difference in friction 
factors upstream and downstream of the orifice plate is due to the fact 
that the downstream section of the orifice plate were re-galvanized 
prior to the commencement of the series of experiments.
The friction factors obtained from the downstream section of 
the orifice plate are in close agreement with those previously 
calculated by Blasius formula from the l/n-th power law in Sub-section
7.5.1 and by Colebrook equation from the universal log law in Sub-section
7.5.2. In the calculation of friction factor by Colebrook equation, the 
roughness of the pipe was assumed to be of standard value, i.e. — 
0.00015 ft for commercial steel. The close agreement in friction factors 
suggest that the roughness assumption was close to true value, which 
would be expected since this section of pipe was re-galvanized.
Comparison of static pressures in Table 7.8 suggests that the 
wall tapping pressure is greater than the pressure measured by the 
Annubar downstream tube P^. If the wall tapping pressure P̂ , is assumed 
to be true static pressure, then P - P,p, is the true pressure difference
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representing the mean flow. Thus the Annubar pressure differences P - 
need to he corrected by a factor less than unity. This correction would 
further reduce the mean flow rate values measured hy the Annubar, the 
assumption of wall tapping static pressure is not correct since the 
Annubar readings give a much closer values of mean flow rates to those 
given hy the orifice plate.
8.6 GENERAL DISCUSSION
As previously mentioned, all experimental data were taken 
under a number of assumptions which can he listed helow :
(i) That the flow is steady, axi-symmetric, incompressible, 
and turbulent;
(ii) That the Annubar is properly installed, i.e. the ports 
are exactly in position and facing directly upstream. The bent section 
of the Annubar upstream tube is the guide for the upstream direction. 
This could cause a slight error in the readings and since the diameter 
of the ports are rather large, the Annubar upstream tube cannot be 
used as a directional pitot tube to determine the exact flow direction. 
The pitot tube, as recommended by the British Standard, BS10U2 : 1973 
(2), has a long alignment arm outside the pipe parallel to the tube so 
that the orifice can be placed to face directly upstream. This feature 
of the pitot tube is better than the bent section outside the pipe of 
the Annubar upstream tube in Fig. U.3 and the static tube in Fig. -̂.5?
(iii) That the flow rates do not change rapidly due to pump 
cavitation;
(iv) That the orifice plate gives flow rate measurement with 
accuracy within + 2% as specified by the British Standard;
2 7 6 .
P q : S t a g n a t i o n  P r e s s u r e  a t  H o le s  1& 2  
o r  I n t e r n a l  P r e s s u r e .
P ^ P ^  : F r e e - s t r e a m  P r e s s u r e s  a t  1 , 2 .
2 2
,— , , _____ : D y n a m ic  P r e s s u r e s  a t  1 , 2 .
2 2
F i g .  8 . 3 : ^ C y l i n d e r  -w ith  H o le s  F a c i n g  
F lo w .
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(v) That all errors mentioned in Sub-section 7*7-3 are 
negligible.
The Annubar is a short-cut design to method of measurement by 
pitot tube and traverse. It only measures the mean flow in one plane 
instead of the recommended traverse on two planes at right angle, thus 
cannot account for non-uniformity. It only measures the average of four 
points and since the velocity is normally not uniform over any normal 
section of a stream, a number of ports are needed to give a fair average 
The pitot tube measures one filament of the stream at a time while the 
Annubar sensor measures from filaments simultaneously with proper 
weights.
being measured is assumed to be the average value of the square roots 
of the pressure differences at the measuring ports. In other words, a 
velocity relationship is assumed, hence
If the upstream tube is considered as a hollow body in which 
there are a number of holes communicating with variable pressures out­
side, a study by G.I. Taylor (U9) gives a relationship between pressure 
at ports and the average pressure as shown below.
For a cylinder which has small holes at leading edge as seen 
in Fig. 8. 3, assume that the pressure difference - PQ between the 
internal pressure Pq and the outside pressure P^ at any hole is 
proportioned to Q?, being the rate of flow rate through hole i. Then 
at n-th hole :
For the Annubar, the square-root of the pressure difference
avg = T (V1 + V 2 + V3 + V





e .where A is a positive constant for each hole or A \|*r- is the effective n n* 2
area of the hole as obtained form Bernoulli equation : 






Flow rate through hole
n = 1 ,2






A V n n
= - a \ff Ip - p I (8.!*)n V Ç J n o ! '
- A  P - P n n o
pn - Po ' = pn - Po if P > P n ' o
Pn - P 1O 1 = Po - pn if P >  P o' n
The positive sign will be taken if P^^Po, i.e the flow is 
inwards, and the negative sign if the flow is outwards PQ ^ Pn -
Equation (8.2) can be written without the ambiguity of sign in
the form:
Q = A (P - P ) |P - P l ri n n o I n o\
Thus for zero flow rate through hollow body: 
I Qn = °





For Annubar upstream tube with U ports:
Q. = A (P - P ) |p - P n n ' n o I n >
n = k





I l1 1 - PO', = 0
1lh





q2 = +A2 |P2 - pJ
i
1 = Flow is inwards
q 3 = +A3 lP 3 - p O'
1
1 = Flow is inwards
%  = “AU K - po \ ■ Flow is outwards
and if symmetry exists:
From (8.7)
pi = p*
P2 = p 3
-2 |Pl - p f + 2 K - po r  = °
’ and o p-< p1 o . This results in:
(8.7)
p„ - P = P - P.2 o o 1
P2 + P 1 = 2 Po
p., = h (P., + p J  (8.8)O 1 d
The static pressure at stagnation or the internal pressure 
is the average of the free-stream static pressures at the holes.
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PQ is the average pressure sensed by the tube inside the
Annubar upstream element. The pressure-difference meter, connected to 
this tube and the downstream tube, gives:
4 P
A P 1 + ^ P 2
avg 2
where A  Pavg
A  p.i
p - p^avg D
Pi ' PD
and P^ is constant across the diameter. 
Thus for h ports:
4 p
¿ P 1 + AP2 + A l> 3 +  A T ^
( 8 .9 )
avg h
AP + AP„ + AP, + AP, ?sor
^ Pavg
t 1 2 3 4 \ 
'  1 k } (8 .1 0 )
as compared to (8.1 ).
A comparison by experimental results from the Annubar test 
and the blocking tests between the measured value of the average press­
ure difference on the left hand side and the square root of the average 
of the individual pressure differences on the right hand side of equation 
(8.10) shows a percentage difference of 0.32%, i.e, LHS is 0.32% 
lower than RHS. The percentage difference from these results according 
to equation (8.1), previously seen in Section is 0.13%, i.e.
LHS of equation (8.1) is 0.13% lower than RHS. Thus the average values 
given by both equations (8.1 ) and (8.10) are close approximations of the 
measured value.
By its design, as seen above, the Annubar is imperfect in 
principle and nevertheless it has a slightly lower accuracy than the 
elaborate pitot tube traverse.
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The manufacturer’s claim on the accuracy of the Annular is 
ranging from — 0.55 to 1.55$ of the actual flow. This accuracy is 
reduced since the assumed turbulent factor (pipe factor) is not correct 
for this particular flow system. Recall the equation given "by the 
Annular manufacturer, i.e. equation (3.88) , where the turbulent factor 
is given as a universal constant and equal to 0.82. This value is equal 
to the pipe factor for turbulent flow bounding the common 1/7—th power 
law of velocity distribution.






K x A x V g mean
Geometrical factor as defined in Subsection 
3.5.it;
A : Pipe cross-sectional area;
V : Mean velocity of flow obtained by mean
integrating the velocity profile over the 
cross-section.
For turbulent flow, if 1/n-th power law is assumed, integra-
tion gives :
V
Pipe factor = PF = mean 2 nVmax (n + l) (2n + l)
where V is the maximum velocity of flow at the centre line of the max
pipe,
Hence Q = K x A x P F x  V (8.11)g max
The Annubar flow sensor does not measure the mean velocity
V , but it measures the pressure difference corresponding to the mean
average velocity which is the averaged value from pressure ports.
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The positions of the ports are determined by the Chebyshef numerical 
integration.
Substituting pressure difference for velocity gives:
Q = Kg x A x PF x (2g x \ ax) (8.12)
The meter connected to the Annubar does not give h ;max
however, the average pressure difference recorded on the meter can be
related to h by the velocity profile, max
From the assumption of average velocity of equation (8.1):
Vavg %
u
where V.l velocity at each individual port.
In terms of h :
j t  = ktih,V avg v i (8.13)
The relationship between individual-port and centre 
velocities is determined by:
V.l ^  l/n
V  ̂ R ^max




( 51 )1/nv R '
\ y[Tv avg
^  y± 
2 . ( i r >
l/n
cr»
( 8 . lit)
Substituting (8.lU) into (8.12) gives:
U f hri — avgQ = K x A x P F x  v2g x
*• i / »
(8.15)
283.
Q = K x PF x TC n2ir D x x
(8.16)






This is correct only when n — * 0  . For U ports with 1 
locations determined hy the Chehyshef integration and when n varies 
from 8 to 20 as found in the experiments:
I  <i  i1'" <
til
for example, for n = 7, 13, 20 the above summation equals to 3.29̂ -3, 
3.597  ̂and 3.7319, respectively.
Therefore, the Annubar should be calibrated in a system where 
it is to be used. This fact also applies to pitot tubes since some 
pitot tubes do not have the same canstant factor for all conditions 
of flow.
The exact degree of accuracy of the Annubar flow sensor to 
this particular flow system cannot be determined since there is no 
accurate way of determining the true flow rate, e.g. a weighing tank. 
However, the accuracy relative to that of the reference meter, the 
orifice plate, can be determined as seen previously.
As seen through literature on transverse tubes, tests by 
Christiansen and French (35) indicate that measurements within 1 per 
cent of the true discharge are possible if these tubes are used 
properly, i.e. under ideal conditions and exact installation. This
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one per cent error agrees with that claimed hy the Annubar manufacturer. 
Tests hy Sherwood (2^) as seen in Chapter 2 give an average deviation 
from the true mean flow rate of 0.8% for the i+-point traverse.
A series of tests, using a number of Annubar flow sensors 
for different pipe sizes, with water as the flowing fluid, carried out 
by the Engineeeing Experiment Station at Ohio State University, are 
included in the manufacturer’s data (^3). With the weighing tank filled 
to the line, the analysis of results from these tests shows the 
reproducibility of data and relationship between indicated flow rate 
and true measured flow rate. The average (arithmetic mean) per cent of 
error from actual flow for the entire series, given by the manufacturer, 
is - i:.2%.
From an industry point of view, the Annubar flow sensor is 
a handy device to provide quick and continuous answer to flow measure­
ment and control. It helps save cost and time. However, due to its 
average percentage of error, which has been found in the local indus­
try about 5% lower than that given by other conventional devices, it 
is only used for internal costing. This percentage error agrees well 
with the results found in this series of experiments where the average 
flow rates given be the Annubar are lower than those given by the 
orifice plate. Furthermore, it is an interesting point to note that 
due to this percentage error, the cooling tower industry does not use 
the Annubar flow sensor or recommend its use.
Due to the assumption of the turbulent factor in the flow 
rate equation, the Annubar is not readily applicable to adverse flow 
conditions. Thus for an unknown flow system where the true flow rate 
could not be determined, the pipe factor must be known before
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measurements are taken with the Annubar element. Instead of making an 
elaborate traverse, a single pitot tube with wall static tappings 
or a pitot-static tube could be used to determine the maximum velocity 
at the pipe centre line. In the absence of the pitot tube and other 
flowrate measuring devices with recognized accuracy, a simple transver­
se tube could be made up of similar dimension as the Annubar upstream 
tube and having its single port located at the centre line of the 
pipe when spanning across the pipe diameter. This tube would be 
inserted in place of the Annubar upstream tube to measure the maximum 
velocity of flow. Such a tube has been previously seen in Chapter 5 
and the maximum pressure difference obtained leads to a good agreement 
with the value of maximum velocity calculated by the least-squares 
method from the traverse readings as seen in Subsection 8.A.I. However, 
there is a setback to the use of this tube since the system has to be 
turned off for the change of the upstream pressure connection (from 
Annubar ij—port upstream tube to single-port pitot cylinder).
To obtain a better accuracy using the above method, i.e. to 
find pipe factor, the maximum or pressure difference at the pipe centre 
line and that of the Annubar must be measured under the same flow 
conditions, if not simultaneously. To achieve this, the Annubar upstream 
tube can be divided into two chambers where the first half of the 
cylinder has  ̂ports and an inner tube to sense the average pressure 
similar to the existing design and the second half has a port located 
at the centre line of the pipe. Such a modification can be seen in 
Fig. 8.U.
For each flow rate setting, the pressure-difference readings 
should be taken from each chamber when h ports or single port facing 
upstream. Thus the pipe factor can be obtained from the assumed
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average velocity and the maximum velocity. The two reading should he 
taken as close to one another as possible to obtain a near simultaneity. 
The valves as seen .in Fig. 8.U allow the proper measurement of both 
pressure differences, i.e. valve 1 open when k ports facing upstream, 
valve 2 shut and vice versa.
This kind of tube may have to be larger than the existing 
upstream tube for ease in production. Thus the correction factor 
for the unrecovered loss in pressure difference must be changed to 
suit the new projected area of the tube. The procedure for obtaining 
this correction factor is previously shown in Subsections 3.5*3 and 
3 . 5 . i*.
8.T. SUGGESTIONS FOR FURTHER INVESTIGATIONS
Throughout the experimental results and analysis, the 
literature survey and the theoretical development, it is seen that 
the Annubar primary sensor needs further investigations, especially 
in terms of its design features, its applicability when subject to 
adverse conditions.
Firstly, research should be carried out on the internal 
flow inside the upstream tube, both theoretically and experimentally, 
to find out the exact pressure relationship between ports and inner 
tube. This would eliminate the guessworks based on a number of 
assumptions. Theoretically, the flow inside the upstream tube can be 
studied by numerical methods. The most effective and convenient method 
for this purpose would be the Marker-And-Cell method, developed by 
Welch, Harlow, Shannon & Daly (50). Experimentally, a large scale 
model of the upstream tube can be made subject to dynamic similitude.
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Experiments -will then he carried out from the model to find the 
pressure relationship.
Secondly, the existing Annubar flow sensor should be tested 
in different flow subtances with different flow conditions. An Annubar 
with particular geometry should be tested in viscous to non-viscous 
flows, incompressible to compressible flows; the results would be 
compared with those obtained by the most accurate means in flow 
measurement. The flow sensor should also be tested in all adverse flow 
conditions, for instance, at entrance region of the pipe with not-fully 
developed flow profile or at a bent section where the velocity distri­
bution is not uniform. The port-blocking test, giving single reading 
at each individual port, would become useful for assessing the velocity 
profile for these cases.
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CHAPTER 9
S U M M A R Y  OP C O N C L U S I O N S
1. From the experimental results analysed throughout the report, 
from the literature on flow measurement, from facts experienced "by 
industry, and especially from its own design and feature, the Annubar 
flow sensor can "be considered as a flow-rate measuring device which 
gives output compatible to all standard instrumentation.
2. In terms of choosing a flow meter, The Annubar flow sensor is 
recommended for quick, consistent and reproducible outputs; however,
it must be calibrated within the flow system to obtain a good accuracy. 
Calibration should be done on the actual system which is to be metered 
by using accurate means such as the weighing tank or a complete 2-plane 
traverse with a standard pitot-static tube. When a complete traverse 
is made, checking of the centre line velocity at every measuring point 
is necessary to ensure a constant flow rate during traverse.
3. When applying the Annubar to a particular flow system, it should 
be born in mind that the system must meet the requirements of the 
flow sensor, i.e. steady and fully-developed flow with no obstruction.
In situations where the stream contains large amounts of dirt and 
debris, it should be frequently purged or checked for bend and fracture.
k. The Annubar gives very small values of differential pressures 
compared to those given by the orifice plate and other differential- 
pressure devices. Therefore, it requires a very accurate and sensitive 
secondary meter to obtain a fair degree of accuracy.
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5. If a reference meter is used to calibrate the Annubar flow sensor, 
the calibration constant is calculated to the accuracy of this flow­
meter .
6. Great care should be taken when installing the Annubar flow sensor 
in the pipe. Ports must be located at their exact positions in the 
pipe and they must directly face upstream in the direction of flow.
7. As suggested by experimental results, the flow system used here is 
not an ideal one to test a flow meter. However, in general, the Annubar 
flow sensor, coupled with its Eagle Eye meter, provides results within 
a slight percentage of error with respect to the reference meter.
8. In the flow measuring field, the Annubar, although not having been 
recommended by standard codes or universally known, has emerged as an 
alternative to the pitot tube to measure the mean flow. If high accuracy 
is not required, the Annubar flow sensor, when chosen for a flow system, 
would give consistent and reliable results compatible to all standard 
instrumentation with a number of advantages over the pitot tube which 
have previously been mentioned.
9. The Annubar flow sensor is still in the evaluative stage in terms 
of market usage and it will be some years before its application can 
be identified. Further theoretical and experimental investigations 
are needed to provide its full capability benefits and limitations. 
Otherwise, if the existing sensor is to be used and good accuracy is 
required, it must be calibrated against a very accurate meter or 
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CHAPTER 11 
A P P E N D I C E S
Appendix A : Velocity fluctuations and velocity distributions 
in turbulent flo-w.
Appendix B : Orthogonal polynomial least-squares curve­
fitting method.
Appendix C : Station locations and weights for averaging.
Appendix D : Tables of quadrature values.
Appendix E : Values of standard deviations from 
' least-aquares f lines.
Appendix F : Moody chart.
Appendix G : Experimental difficulties.
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APPENDIX.A
VELOCITY FLUCTUATIONS & VELOCITY DISTRIBUTIONS IN TURBULENT FLOW
A.1 VELOCITY FLUCTUATIONS IN TURBULENT FLOW
Consider the fluid Behaviour at 1 point in the tube, where 
turbulent flow exists.
The pressure drop causing the flow increases slowly so that 
the mean velocity also increases slowly. Hence the axial component of 
velocity behaves as shown in Fig. A.l.
Define :
v^ : instantaneous velocity - irregularly oscillating function.
vz : time-smoothed velocity defined by
n t+t0
= U-l) 
t0 : time interval.
Taking time average of v over a time interval tD large with 
respect to the time of turbulent oscillation but small with respect to 
the time-changes in the impressed pressure drop causing the flow. It 
can be written :
v = "vu + v ’ (A.2)2 +-
where v^ : instantaneous velocity, 
v^ : velocity fluctuation.
Pressure also fluctuates in turbulent flow and a similar 




"but vi, i 0
\ F Tand \ / -=—  = I INTENSITY OF TURBULENCE.
V z,avg
1% -+10% IN TUBE FLOW.
Fluctuations in the direction of flow are greater than those 
in the direction perpendicular to the flow. There is a tendency for 
the two to he nearly the same at the centre of the duct, i.e. tendency 
toward isotropy.
A.2 TIME-SMOOTHED VELOCITY & PRESSURE FOR AN INCOMPRESSIBLE FLUID, 
TURBULENT FLOW
Rewrite the equations of continuity and motion hy replacing
v hy v + v ’ and P hy P + P' :
X  X X
Motion
_I_ tt* ?  ̂ f T-r J. ,r l  ̂ _1_ ^  __ ( “
z v
^  - ft/' ”  J. ,r l  ̂ ^  fP-1- Tl t \ B
Continuity: — ^(v + v* ) +^—  (v + v ’) + (v + v f)x x *ay y y Bz z z
: P(v + v 1 ) = - 2— (P + P ’)-^-'P>('v + v')(v + v 1 )*Bt \  x x' *jx -̂ x V  x x x x
+  X -  <? ( v +  V *  ) ( v
B y V  y y  x
+ 1 -  <> ( v + V » ) ( v
B  Z v  z Z X
+ / < v 2 ( v X +  V *  ) +X Ç 1 x
Similar for y & z components of equation of motion.
„ t+t,
Taking time average (v 0
0
v dt) gives : z
(i) Time-smoothed equation of continuity
Bv Bv B v




(ii) Time-smoothed equation of motion - x component :
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~b -
f t  ^ "■9X “ ̂ x ^ x vx + \jVryVx + > z ^ V x ]
- (h \ vivi + h f y rr- + h m >
2-
Vx + Ç V (A.4)
The term fê- ??x\W *  + >5* ^  + tTzV F I J  ls associated with
the turbulent velocity fluctuations.
Notation
/">-(t ) _
^xx O v'V*\  X x
/f=(t) =
^ x y Pv'v'\  x y
-ç(t) =
xz Pv'v'\ X z
<^v(t) Ç(t) _ 
xx 5 xy ‘ * Component of turbulent momentum
flux .
= Reynolds stresses.
By vector notation :
(i) Time-smoothed equation of continuity :
iV.v) = 0 (A.5)
(i i) Time-smoothed equation of motion :
II -v v  - [v.f(l)] -[v.C(t)] + Çs (A.6 )
^  (l) .C. is the stress tensor.
A. 3 SEMIEMPERI CAL EXPRESSIONS FOR THE REYNOLDS STRESSES
In order to use equation (A.5) to obtain velocity profile,
~(t)some semiemperical relations have been used for o  in order to obtain
velocity profiles from equation of motion.
A.3.1 Boussinesq Eddy Viscosity :
n r  (t) _ (t) dvx
C yx - " A  w (A.7)
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turbulent coefficient of viscosity 
eddy viscosity
A.3.2. Prandtl mixing length-
(t)




1 : mixing length
proportional distance y from the solid surface
= K1 J








K3 universal constant = 0.36 0. k.
A.3.U. Deissler's empirical formula for the region near the wall 




2 - ,, - vxy ( 1
dv2exp(-n Y^f/V )) dyx
(A.10)
n constant
= 0.12k by Deissler tube flow distribution.
In the following sections, the foregoing relations are used 
to obtain velocity distributions in turbulent flows.
A.h. LOGARITHMIC DISTRIBUTION LAW FOR TUBE FLOW (FAR FROM WALL):
The logarithmic distribution law is the application of the 
Prandtlfs mixing length theory to turbulent flow in a long tube of 
length L, radius R.
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Let s = R - r = distance from the pipe wall 
Assume 1 = s
where 1 : Prandtl’s mixing length 
K^: constant




9 9(R - r ) 2 ( - drz ) 2rz \ 1
t ) = + irz
2 ,d\  >2 
S (ds > (A.ll)
For imcompressihle fluid, v = v (r) :
where
0 = 9 o  -? L -  §  (r C  )r dr rz
z  . t u  U (l)rz rz rz
J = P + Og h
~(t)v—  : component of turbulent momentum flux C rz ~
: Reynolds stresses
=.(i)
and ?rv } . . .  . * d )  •O  : component of stress tensor C given rz ~
in time-smoothed equation of motion (A.6)
c.rz
Integrating equation (A.ll) with boundary condition that 
0 at r = 0 gives:
(A.12)
where z, : wall shear stress ( s = 0 )
3Q3,
In turbulent core, momentum transport by molecules is small
in comparison with that by eddy motion:
^(i)Z  «ä (1 - Ä(t)rz rz
Combining (A.ll) and (A.12) gives:
2 2 , z \2 , s_ xK̂1 3 ( dT } - o (1 - E 5 (A.13)
From Prandtl’s simplification as seen in Equation (A.ll):
R.H.S. = /2ro
Result differs very little from that obtained by integrating 
equation (A.13).







Integrating equation (A.lU) from the outer edge of the 
buffer layer s = s^ to any position s :
v - v = ~  V* ln I" sz z, 1 * s1 1
(A.15)
In dimensionless variables :
v / )>*z 
S  V
+  +  
* V  -  V• • 1
1 1 s 





From experimental velocity distribution data found by
Deissler:
= 0.36
+ +At outer edge of buffer zone s^ = 26j (v^ = 12.85)
" v+ = o T 6 Ins+ + 3'8 (A.1 7)
26
This is known as the logarithmic distribution for velocity 
profiles in turbulent flow Re^ y 20,000 except near the tube wall.
A.5. VELOCITY DISTRIBUTION FOR TUBE FLOW (NEAR WALL):
Consider the region near the tube wall, add Newton law
of viscosity and Deissler’s expression (A.IO) to obtain:
_ -(1) -(t)
r  = 'c 4. z.rz rz rz
or




Sustituting into equation (A.12) with approximation near
the wall (l - — ) = 1K
dv dv
= + (1 ' ] IS




dsv 2 + + /„ / £1 ^ 1 \ \ 1 + n v s (1 - exp(-n v s ))2 + +
(A.20)
0 ^  s ^ 2 6
0
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n = 0.121* for long, smooth tube (empirical).
Iterative procedures have to he used to solve for v+ in terms 
+ +of s . For small value of s equation (A.20) simplifies to:
+  +  +  
v  =  S  0 ^ S s < 5
This result may also he obtained hy integrating Newton's 
law of viscosity over the laminar sublayer.
A.6. THE LOGARITHMIC VELOCITY PROFILE AND GENERAL RESISTANCE LAW
As seen previously, the logarithmic velocity profile is 
derived from Prandtl's momentum transfer theory hy assuming:
1 = K1 y
z = r o
Thus the shearing stress equation can he written as:
du = = _Uf_
dy K^y K±y (A.21)
Integration gives:
u = ^  (log U ^ - log ft ) (A.22)
K1 V v
constant of integration
Equation (A.22) is the logarithmic velocity distribution law 
for a smooth circular pipe. It may also he derived from Von Karman's 
similarity hypothesis.
It has been found experimentally hy Nikuradse, smooth circular
3 3pipe in large range of Reynolds number Re^ = U x 10 32^0 x 10 :
u = U* (2 .5 log — jjX  + 5.5) (A.23)
Comparing (A.22) with (A.23): k = 0.U , 0.111
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RESISTANCE LAW
Maximum velocity occurs at centre of the pipe y = y
can he expressed as:
Um U* (2.5 log
U* y.
+ 5.5) (A.2U)
Integration of (A.22) gives mean velocity Uq over a section
of pipe:
Uo U - 3.75 U*m (A.25)
Combining (A.2^) and (A.25) gives:
U* y.
U U* (2.5 log
y + 1.75) (A.26)
N *7" ^  2Resistance coefficient A defined in ^ Uq becomes:
a  = 8
0
U p -j 2
2.5 log (-^j— f * ) - 2.5 log + I/75J
or -1= = 2.035 log10 (
Va  y
with D = 2 y
U p
0 V A )  - 0.9 1 (a .2 7)
Equation (A.27) applies up to arbitrarily large Reynolds 
number whilst the Blasius law
A  =
U D  . !
0.316k ( — —  r '5
v
only applies to limited Reynolds numbers.
The Nikuradse’s experimental results show a slight difference 
to that of equation (A.27)
U P
1 = 2.0 log_ - ( — —  VA) - °-8
/ A  y
for Re^ up to 100,000 for smooth pipe.
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APPENDIX B
ORTHOGONAL POLYNOMIAL LEAST-SQUARES CURVE FITTING (ORTHLS) 
(SOURCE : UNIVAC PROGRAMMERS’ REFERENCE (1*7) )
B.l PURPOSE
The subroutine finds the least-squares polynomial which best 
approximates a weighted set of data points using orthogonal polynomials
B.2 MATHEMATICAL METHOD
k
Let y = > C.P.(X)
j=0 J J
(B.l)
where P.(X) is a polynomial of degree ,j. To obtain the bestJ
fit in the weighted least-squares sense to the set of data points 






-3_ p r *L







W7P.(X.)P (X.)l j l m l (B.3)
(B.U). = ÿ ~  w ?y .p .(x .)
J  1  1  3 1
j=0,l,2,...,K









Equation (B.5) consists of a set of K+l simultaneous equations
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with K+l unknowns. However, suppose that the polynomials P.(x) can he 
chosen to be orthogonal in the summation; i.e.,
f 0 for j = m
rjm ” ] N (B.6)
 ̂/ W7P.(X. ) for j ^ m
éi 1 J 1
Under the condition of orthogonality, the unknown coefficients
C . can now he evaluated hy J
S.
c. = — (B.T)
J r. .
3 = 0,1 ,2 ,.. . ,K
Consequently, the use of orthogonal polynomials makes the
least-squares analysis appear as if each parameter were the only one
used. Also, the coefficients C. are independent of each other; as K is
increased, the previously calculated C. do not change. However, the
¿1
problem of generating the orthogonal polynomials must he solved.
The polynomials P.(X) are defined recursively as
p_l(x) = 0
P0(x) = 1
P1 (X) = (X
>  (B.8)
p .+1(x)= ( x - « . +1) P.(X) - pjPj.fX)
with p>Q = 0.
The o( and ]3 must he chosen in such a way that the polynomials
P (X), P (X), ..., P.(X) are all orthogonal to each other in the sense 
0 1 J
of equation (B .6).
The (J+l)th polynomial is defined as :
V i < V  = (xi ' “j+ P  p(xi} - Pjpj-i(xi) (B-9)
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Multiplying equation (B.9) through hy W.P.(X.) and summing
over all i yields : 
IT N
i=l WiPj+l(Xi)Pj(Xi) = 2 1  W?(x. -«,,,) P2(X,.) -i=l
N
i i j+1 j i
y ~  W?p.P. -(x.)p.(x.) (B.10)f b  i * J J-1 i J ii=l
The term on the left-hand side of equation (B.10) is zero 
since j+1 4- j and equation (B.6) requires the summation to vanish for 





WT(X. - oZ _,) P.(X.) = 0l l j+1 3 i (B.ll)
Since (Xj+^ does not depend on i, equation (B.ll) can he




WT X. P.(X. ) i i J i
J+l IT (B . 12)
Z  W2 P2(X.)
i=l 1 J 1
«5 = 0,1,2,. . . ,K
2
By multiplying equation (B.9) through hy W. P._ (X.) and
again using equation (B.6) it can.he shown that :
IT „
WT X. P. _(X.) P.(X.) i i j-1 l J i
Pa ■ Z i ---------- l , ' i a
g  V j - l ' V
J = 0,1,2,...,K-1
2
Multiplying equation (B.9) through hy ¥i Pj+1 x̂i) and summing
over all i, yields the identity :
IT N
W2 P2 (X.) = ¿I W2 X. P.(X.) P. ,n(X ) (B.lk)- i  i  J  i  J + l  ii j+1 ii=l * u i-1
Thus, substituting equation (B.lU) into equation (B.13), ^
3 1 0.
may be computed by an alternative formula :
N 2 2 WTPT(X.) 




w?p? (X.) 1 J-l 1i=l
j = 0 ,1 ,2 ,...,K- 1
B. 3 PROGRAMMING METHOD
The subroutine has the option of placing certain constraints 
on the form of the fitted polynomial, i.e., if J is a non-zero positive 
integer, then the fitted polynomial has the form :
K-J _
Y = 2 1  p^ x)
<5=0 <3 3
(b .i6)
■where the P.(x) are defined recursively as : J
P ^ X )  = 0
P0(x) = XJ
P1(x) = (X - « P  P0(x) - ^p^tx)
P.+1 (X) = ( X - « . +1 )P.(X) - Pj Pj.!(X)
(B.17)
It can be sho-wn that the set PQ, P^, ..., Pj+^5 are o:rkho- 
gonal by requiring that (X and satisfy the same relations (Equations 
(B .12) and (B.13)) as before. These constraints allow the first J 
coefficients in equation (B.l6) to be set equal to zero thus forcing 
the fitted polynomial and its first J-l derivatives to be zero at X=0.
The subroutine uses equations (B.7),(B.12) and (B.15) to
compute the orthogonal coefficients Cj defined by equation (B.l) and
the parameters (X. and ft., respectively.J * J
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B.U OTHER SUBPROGRAMMES REQUIRED
ORTHLS is designed for use -with the following subprogrammes
FITD : finds the fitted value and the values of the deri­
vatives of the least-squares polynomial.
FITY : computes the fitted values of the least-squares 
polynomial.




(Source: A.S.M.E, Fluid Meters Report (5))
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.New ton*t .«»tes ( .hr Iw shef 
(a)
V r u \ r X — r ?<■
(1.) 0») (1)) (e) t o ) («*) (e) ( o ) (e)
0 0 1 0.2113 0. »597 1/2 0.2113 0.4597 1/2
1 1 1/ .7807 .888 1 .7837 .880 I
(<•) (r) (c)
0 0 U.' 1667 0.1464 0.3827 1/3 0.1 1 27
0.3357 0.2778
3.5 0.7071 .6667 .5000 .707! .5000 .7071 .44»»
I 1 . 1667 .8536 ,9239 .8373 .9420 .2778
(.1) (d) (d)
0 0 0.1250 0.1027 0.3203 0.0694 0.2635 0. 1739
.3333 0.5774 .3750 .4072 .6332 1/4 .3300
.5745 .328 1
.6667 .8165 .3750 .5928 .7699 .6700 .8185 .326 1
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0 0 0.0 188 0.058 1 0.2410 Noll's
. 160? 0. 108 2 .257 1 .2352 . »8 »9
.3333 .5774 .0321 .338 1 .5814 (a) All measurements ol
.5000 .707 1 .3238 .5000 .707 1 1/7 IMJUal weight
.6067 .8 165 .032) .6619 .8136
.8333 .9 129 .257 1 ,7b »8 .87 »5 (b) Trapezoidal rule
1 1 .0488 .9419 .9705
(e) Para !x)l¡e ru P
(1) (1) (f) (0 (Simpson's rul<‘ )
0 0 0.0435 0.0513 0.22()6
s rul«‘. 14 29 0.3780 .2070 .2030 .4513 (J) Ihre e-eighth
.2857 .5345 .0766 . 296 » .5 »» »
.4286 .(>541 . 1730 .4-187 .6698 1/8 (e) 0.2 -- 0.8 rule ,
.5714 .7559 .1730 .5513 .7425
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.857 i .9258
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.2500 .5000 -.0327 .2356 .485»
. 37 50 .6 124 .370 2 .4160 .0450.5600 .7071 loo 1 .5000 .707 1 1/9
.9 250 .7009 .3702 . 5.3 »0 .7o »2.7 500 .8(8)0 -.0 3 27 . T o  4 » .87 »3
.87 50 .935 » .2077 .8005 .89 »71 1 .03 19 .9558 .9770
0.30 »60 0 0.0 319 0.0419
. 1 1 1 10.3333 . 17 57 . 1 56 » .3954•>>>*) .47 1 » .0 12 1 .2500 .5000
.33 »5 .577 » .2 ¡59 .3 »3(i .5882
. »1 1» .6807 .(8)45 . » 58 1 .0783 1 ' 10
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APPENDIX D






K 0 -  .V, «  |
/> - I
n -  2 «  =- 3
-  N a î .
A’ . ■ 4 
D
A q A j 1
A’, -  AL - 3 
¿ 3 -4
n rs 4 n — 5
* 0
N x
~  AL 7 
-  A’g --- 32 
AL *-• 12  
U  -  45
A’* -  A’ 5 -  19 
A’t -  AL -  75
A’î -  A3 - 80
/> -  144
n — G n — 7
- A L -  41
-  AL -  2!G
-  A’a =  27 
A'j =-• 272
J)  *- 420
A 0 A 3 "  <51 
AL AL == 3577 
AL AL -  1323 
AL ■- : AL -  2989 
IJ : : 8040
± o
0-57735 02691 8062G
n  — 2
H
1 -0 0 0 0 0 0 0 0 0 0  0 0 0 0 0
0-77459 66692 41483 
0 - 0 0 0 0 0  0 0 0 0 0  0 0 0 0 0
n  =a 3
0-55555 55555 55556 
0-88888 88888 88889
0-86113 63115 94053 
0-33998 10435 84856
n =  4
0-34785 48451 37454 
0-65214 51548 62546
0-90617 88459 38664 
0-53846 93101 05683 
0 - 0 0 0 0 0  0 0 0 0 0  0 0 0 0 0
n  =  5
0-23692 68850 56189 
0-47862 $58704 99366 
0-56888 8S888 88889
0-93246 95142 03152 
0-66120 83864 68205 
0-23861 91880 83197
n =  6
0-17132 44923 79170 
0-36076 15730 48139 
0-46701 39345 72691
n »  2
—a i *-= <*î -  0 57735 02691
n =  3 n r-, 4
o3 0-70710 67812 -a , -  o4 — 0-79465 44 723
a » ~=0 -0 0 0 0 0 0 0 0 0 0 - a , =  °» — 0-18759 21741
n — 5 71 -  6
a s r= 0-83249 74 870 -a , -- t i 0-86621 68181
0-374 54 14093 -a , -  a& 0 4 2251 S 65 3 8
0 0 0 0 0 0 0 0 0 0 0 - a , --- at = - 0-26063 54015
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APPENDIX E
VALUES OF STANDAKD DEVIATIONS 
FROM ’LEAST-SQUARES * LINES.
M : Index corresponding to ten fixed values of pressure 
differences across the orifice plate,
M = 1 for hi = 100 mm water-on-mercury
M =10 for \ = 1000 mm water-on-mercury
SD : Standard deviation from the least-squares line.
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Throughout the series of experiments, the following 
difficulties were encountered.
(i) The selection of a suitable pressure-differential meter:
For the measuring of the pressure differences produced by the 
Annubar flow sensor, a suitable manometer was sought. Firstly, an 
inclined micromanometer with ethyl alcohol was used. This was found 
impractical since the water mixes with alcohol, thus making it impossible 
to read. A simple U-tube manometer with mercury was then connected to 
the system, but found unsuccessful since the plastic hoses blew out due 
to high pressure.
A heavy-duty U-tube with mercury was used next and the results 
were hard to read since the smallest division on the scale is 2 mm-Hg 
and the maximum possible produced by the Annubar sensor is about U in- 
H2° ( ■ x 2 5 .k = 7 .^ 7 mmHg).
The mercury in the heavy-duty U-tube was then replaced by a 
liquid of lower specific gravity, carbon tetrachloride (CCl^, s = 1.593). 
It was also used for an inclined manometer. The results obtained were 
unreliable and out of range predicted,
A somewhat heavier liquid (larger specific gravity) was used. 
The carbon tetrachloride was replaced by tetrabromo-ethane (Br̂ CgH,̂ , 
s = 2 .9 6 k) with red dye.
The heavy-duty U-tube manometer and tetrabromo-ethane gave
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fairly good results and close to reference flow rate values. This mano­
meter is mentioned in Chapter k - Equipment & Instruments.
Half way through the series, a new differential-pressure was 
purchased, the Eagle Eye portable D.P. meter, produced by the Annubar 
manufacturer. The results in terms of flow rates given by the Eagle 
Eye meter were found closer to those given by orifice plate than the 
U-tube manometer. A number of tests were therefore run with the Eagle 
Eye meter readings and it was used in the remaining tests.
Thus for the standard Annubar sensor tests, there were two 
sets of data in two differential units and the accuracy has been 
discussed in Chapter 8.
(ii) Lack of Equipment :
For the main purpose of the experiments, the equipment most 
needed was a weighing tank to measure the actual volumetric flow rates. 
Since this tank was not available, the orifice was used as a reference 
meter to provide predetermined flow rates. As a result, the orifice 
plate readings to give flow rate values does not represent the actual 
flow rates of the system. Its flow rate values, taken as reference, are 
assumed to have the same accuracy as that recommended by British 
Standard for orifice plate, i.e. 12jo.
Towards the end of the series, the static tube and the pitot 
cylinders were made by the workshop. These tubes are made from old bent 
copper tube. Thus they may not give results as accurate as the Annubar 
flow sensor.
If a standard pitot-static tube and full traversing device 
were available, a number of traverses could have been carried out to 
compare with the Annubar performance.
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Lack of equipment and inaccuracy of old instruments thus 
caused delays and affected the accuracy of the experiments.
